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HELD OF THE INVENTION 
The present invention relates to cardiac musciilar control, in particular control using 
non-excitatory electrical signals. 
5 RELATED APPLICATIONS 

The present application is related to the following U.S. and Israeli applications, the 
disclosures of whidi are incorporated herem by reference: U.S. provisional application 
60/009,769, titled "Cardiac Electromechanics", filed on January 11, 1996, Israel application 
116,699, titled "Cardiac Electromcchanics'*, filed on January 8, 1996, U.S. Provisional 
10 application 60/011,117, titled "Electrical Muscle Controller", filed February 5, 1996, Israel 
application 119,261, titled "Electrical Muscle Controller", filed September 17, 1996, U.S. 
Provisional application 60/026392, titled "Electrical Muscle Controller", filed September 16, 
1996 and U.S. Application Serial Number 08/595,365 titled "Cardiac Electromechanics", filed 
February 1. 1996. 

15 BACKGROUND OF THE INVENTION 

H The heart is a muscular pump whose mechanical activation is controlled by electrical 

stimulation generated at a right atrium and passed to the entire heart In a nomial hcait, the 
electrical stimulation that drives the heart originates as action potentials in a group of 
pacemaker cells lying in a sino-atrial (SA) node in the right atrium. These action potentials 
20 then spread rapidly to both right ^and left atria. When the action potential reaches an 
unactivated muscle cdl, the cell depolarizes (thereby continuing the spread of the action 
potential) and contracts. The action potentials tiien enter the heart* s conduction system and, 
after a short delay, spread through the left and right ventricles of the heaxL It should be 
f[i qjpreciated that activation signals axe propagated within tiie heart by sequentially activatnig 

y 25 coxmected muscle fibers. Each cardiac muscle cell generates a new action potential for 

stimulating the next ccll« after a short delay and in reqxmse to the activation signal which 
reaches it Regular electrical currents can be conducted in the heart, using the electrolytic 
properties of the body fluids, however, due tiie relatively large renstaoce of die heart muscle, 
this conduction cannot be used to transmit the activation si^ial. 
30 In a muscle cell of a cardiac ventricle, the resting potential across its cellular membrane 

is approximately -90 mV (millivolts) (the inside is negatively charged with respect to the 
outside). Fig. lA shows a transmembrane action potential of a ventricle cardiac muscle cell 
during the cardiac cycle. When an activation signal reaches one end of the cell, a 
depolarization wave rapidly advances along the cellular membrane until the entire membrane 
35 is depolarized, usually to approximately +20 mV (23). Complete depolarization of the cell 
membrane occurs in a very short time, about a few millisecond. The cell then rapidly (not as 
rapid as the depolarization) depolarizes by about 10 mV. After the rapid depolarization, the 
cell slowly rcpolarizcs by about 20 mV over a period of approximately 200-300 msec 
(milliseconds), called the platcaii' (25). It is during the plateau that the muscle contraction 
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occurs. At the end of the plateau, the ceU rapidly rcpolarizes (27) back to its resting potenUal 
(21). Different cardiac muscle ccOs have different electrical characteristics, in particular ceUs 
in an S A node do not have a substantial plateau and do not reach as low a resting potential as 
ventricular cells. 

In the following discussion, it should be jqipreciated that the exact mechanisms which 
govern action potentials and ionic pumps and channels are only partly known. Many theories 
exist and the field in is a constant state of flux. 

The electrical activit>r minors chemical activity in a cell. Before dqwlarization (at 
resting), the concentration of sodium ions inside the cell is about one tenth the concentration in 
the interstitial fluid outside the ccH. Potassium ions are about thirty-five times more 
concentrated inside the ceU than outside. Calcium ions m over ten thousand times more 
concentrated outside tiie cell than inside the cell. These concentration differentials are 
maintained by tiie selective permeability of the membrane to different ions and by ionic pumps 
in the membrane of tiie cell which continuously pump sodium and calcium ions out and 
potassium ions in. One result of die concentration differences between die cell and die external 
environment is a large negative potential inside the cell, about 90 mV as indicated above. 

When a portion of the cell membrane is depolarized, such as by an action potential, the 
dqjolarization wave spreads along the membrane. This wave causes a plurality of voltage- 
gated sodium channels to open. An influx of sodium through these channels rapidly changes 
the potential of the membrane fiom negative to positive (23 in Fig. lA). Once the voltage 
becomes less negative, these channels begin to close, and do not open until the cell is again 
depolarized. It should be noted that die sodium channels must be at a negative voltage of at 
least a particular value in order to be primed for reopening. Thus, these channels cannot be 
opened by an activation potential before the ceU has sufficiently repolarized. In most cells, die 
sodium channels usually close more graduaUy dian they opea After the nqiid dqwlarization, 
the membrane starts a fist repolarization process. The mechanism for the &st repolarization is 
not fully understood, althongh closing of the sodium chamiels appean to be an impoitant 
factor. Following a short phase of rapid repolarization, a relatively long period (200-300 msec) 
of slow repolarization tenn the plateau stage (25 in Fig. 1 A) occurs. During the plateau it is not 
believed to be possible to initiate another action potential in the cell, because the sodium 
channels are inactivated. 

Two mechanisms appear to be largely responsible for the long duration of die plateau, 
an inward current of calcium ions and an outward current of potassium ions. Bodi current^ 
flow widi their concentration gradients, across the membrane. The net result is that the two 
types of current electrically subtract from each other. In general, die flow of potassium and 
calcium is many times slower than die flow of die sodium, which is the reason why die plateau 
lasts so long. According to some dicories, die potassium channels may also open as a result of 
die action potential, however, die probability of a potassium channel opening is dependent on 
die potential. Thus, many channels open only afler die depolarization of die ceU is under way 
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or completed Possibly, at least some of the potassium channels are activated by the calcium 
ions. In addition, some of the potassium channels are triggered by the repolarization of the 
membrane. The membrane permeability to potassium gradually increases, following its drop 
during the rapid depolarization (23). The calcium channels also conduct sodium back into the 
cell, which helps extend the plateau duration. 

The inward calcium current during the normal cardiac action potential contributes to 
the action potential plateau and is also involved in the contractions (directly and/or indircctiy) 
in the cardiac muscle cells. In a process tamed calciimi induced calcium release, the inward 
current of calcium induces the release of calcium ions stored in intracellular calcium stores 
(probably the sacroplasmic reticulum). The existence and importance of a physical link 
between the reticulum and the calciimi channels in cardiac muscle is unclear. However, the 
response curve of these calcium stores may be bell-shaped, so tiiat too great an uiflux of 
calcium may reduce tiie amount of available calcium relative to amount made available by a 
smaller influx. 

In single cells and in groups of cells, time is required for cells to recover partial and 
full excitability during flie repolarization process. While Ac cell is rcpolarizing (25, 27 in Fig. 
1 A), it enters a state of hypw^wlarization, during i^ch the cell cannot be stimulated again to 
fire a new action potential This state is called the refiactofy period. The refractory period is 
divided into two parts. During an absolute rcfractoiy period, the cell cannot be re-excited by an 
outside stimulus, regardless of the voltage level of the stimuhis. During a relative refractory 
period, a miich lai^ger lhan usual stimulus^gnal is required to cause tiie cell to fire a new 
action potential. The refractory state is probably caused by the sodium. channels requiring 
priming by a n^ative voltage, so the cell membrane cannot depolarize by flow of sodium ions 
until it is sufficientiy rq)olarizcd. Once the cell returns to its resting potential (21), the cell 
may be depolarized again. 

In an experimental methodology called voltage clamping, an electrical potential is 
maintained across at least a portion of a cell membrane to study the efifccts of volta^ on ionic 
channels, ionic pumps and on the reactivity of the cell. 

It is known that by qjplying a positive potential across die membrane, a cell may be 
made more sensitive to a depolarization signal. Some cells in the heart, such as the cells in the 
SA node (the natural pacemaker of the heart) have a resting potential of about -55 mV. As a 
result, their voltage-gated sodium chaxmels are peraianently inactivated and the depolarization 
suge (23) is slower than m ventricular cells (in general, the action potential of an SA node cell 
is different Scorn that shown in Fig 1 A). However, cells in the SA node have a built-in leakage 
current, which causes a self-depolarization of the cell on a periodic basis. In general, it appears 
that when tiie potential of a cell stay below about -60 mV for a few msec, the voltage-gated 
sodium channels are blocked. Applying a negative potential across its membrane make a cell 
less sensitive to depolarization and also hypeipolarizes the cell membrane, which seems to 
reduce conduction velocity. . 
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In modem cardiology many parameters of the'Ws activation can be controlled 
Phamuiccuticals can be used to control the conduction velocity. excitabiUty. contractility and 
duration of the refractory periods in the heart. These phannaceuticals may be used to treat 
arrhythmias and prevent fibrillations. A special kind of control can be achieved using a 
pacemaker. A pacemaker is an electronic device which is typically implanted to replace the 
heart's electrical excitation system or to bypass a blocked portion of the conduction system. In 
some types of pacemaker implantation, portions of tiie heart's conduction system, for example 
an atrial-ventride (AV) node, must be ablated in order for the pacemaker to operate coxrectly. 

Another type of cardiac electronic device is a defibriUator. As an end result of many 
diseases, tiie heart may become more susceptible to fibrillation, in which the activation of the 
heart is substantially random. A defibrillator senses tiiis randomness and resets tiie heart by 
applying a high voltage inqnilse(s) to tiie heart 

Pharmaceuticals are generally limited in effectiveness in that tiiey affect both healthy 
and diseased segments of the heart, usually, witii a rehttively low precision. Electronic 
pacemakers, are forther limited in that they are invasive, generally require destruction of heart 
tissue and are not usually optimal in tiieir effects. DefibriUators have substantially only one 
limitation. The act of defibrillation is very painful to the patient and traumatic to tiie heart 

"Electiical Stimulation of Cardiac Myoctes," by Ravi Ranjan and Nitish V. Thakor. m 
Ann a ls nf Riomcrtical Fnfinftftring Vol. 23, pp. 812-821, published by tiie Biomedical 
Engineering Soddy. 1995. tiie disclosure of which is incorporated herein by reference, 
describes several experiments in applymg elecfric fields to cardiac muscle cells. These 
experiments were performed to test tiieories rehiting to electiical defibrillation, where each ceU 
is exposed to different strengtiis and differed relative orientations of electric fields. One result 
of tiiese experiments was tiie discovery that if a defibrination shock is apphcd during 
repolarization, the repolarization time is extended. In addition, it was reported tiiat cells have a 
preferred polarization. Cardiac muscle cells tend to be more irregular at one end tiian at die 
oflier. It is tiicorized. in tiie article, tiiat local liot spots" of high electrical fields ar« generated 
at tiiese irregularities and tiiat these "hot spots" are the sites of initial depolarization within die 
cell, since it is at tiiese sites fliai tiie threshold for dqxilarization is first reached. This tiieoiy 
also cxpUiins anotiier result, namely that cells are mor« sensitive to electric fields in tiieir 
longimdinal direction tiian m tiiefa- tiansverse direction, since tiie irreguhirities are concentiated 
at tiie cell ends. In addition, tiie asymmeteic irregularity of tiic cells may explain results which 
showed a preferred polarity of tiie ^Ued electric field. 

The electrical activation of skeleton muscle cells is similar to tiiat of cardiac cells in 
tiiat a depolarization event induces contraction of muscle fibers. However, skeleton muscle is 
divided mto isolated muscle bundles, each of which is individually enervated by action 
potential generating nerve ccUs. Thus, tiie effect of an action potential is local, while in a 
cardiac muscle, where all die muscle cells are electrically connected, an action potential is 
transmitted to tiie entke heart fiom a smgle loci of action potential generation. In addition, tiic 
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chemical aspects of activation of skeletal muscle is som^nyhat different from those of cardiac 
muscle. 

"Muscle Recruitment with Infrafascicular Electrodes", by Nicola Nannini and Kenneth 
Horch, IEEE Transactions on Biomedical Engineering. Vol. 38, No. 8, pp. 769-776, August 
1991, the disclosure of which is incorporated herein by reference, describes a method of 
varying the contractile force of skeletal muscles* by "recruiting" a varying number of muscle 
fibers. In recruiting, the contractile force of a muscle is determined by the number of muscle 
fibers which are activated by a sthnulus. 

However, it is generally accepted that cardiac muscle fibers function as a syncytium 
such that each and every ceil contracts at each beat. Thus, there are no cardiac muscles fibers 
available for rccruitmcnL See for example, "Excitation Contraction Coupling and Cardiac 
Contractile Force", by Donald M. Bcrs, Chapter 2, page 17, Kluwer Academic, 1991, the 
disclosure of which is incorporated herein by reference. This citation also stales that in cardiac 
muscle cells, contractile force is varied in large part by changes in peak calcium. 

"Effect of Field Stimulation on Cellular Repolarization in Rabbit Myocardium**, by 
Stephen B. Knisley, William M, Smith and Raymond E. Idckcr, Circulation Research , VoL 70, 
No. 4, pp. 707-715, April 1992, the disclosure of which is incorporated herein by reference, 
describes the effect of an electrical field on rabbit myocardium. In particular, this article 
describes prolongation of an action potential as a result of a defibrillation shock and ways by 
which this effect can cause defibrillation to £sdL One hypothesis is that defibrillation affects 
cardiac cells by exciting certain cells which are relatively less refiractory than others and causes 
the excited cells to genoate a new action potential, effectively increasing the depolarization 
time, 

"Optical Recording m the Rabbit Heart Show That Defibrillation Strength Shocks 
Prolong the Duration of Depolarization and the Refi^ctory Period**, by Stephen M. Dillon, 
Circulation Research, VoL 69, No. 3, pp. 842*856, September, 1991, the disclosure of which is 
incorporated herein by reference, explains the effect of prolonged repolarization as caused by 
the generation of a new action potential in what was thought to be refiactory tissue as a result 
of the defibrillation shock. This article also proves experimentally that such an electric shock 
does not damage the cardiac muscle tissue and that the effect of a second action potential is not 
due to recruitment of previously unactivated muscle fibers. It is hypothesized in this article 
that the shocks hyperpolarize portions of the cellular membrane and thus reactivate the sodium 
chaxmels. In the experiments described in this article, the activity of calcium channels is 
blocked by the application of methoxy-verapamiL 

"Electrical Resistances of Interstitial and Microvascular Space as Determinants of the 
Extracellular Electrical field and Velocity of Propagation in Ventricular Myocardium", by 
Johannes Fleischhauer, Lilly Lehmann and Andre G. Kleber, Cireularion ^ Vol. 92, No. 3, pp. 
587-594, August 1, 1995, the disclosure of which is incorporated herein by reference, 
describes electrical conduction characteristics of cardiac muscle. 
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"Inhomogencity of CeUular Activation Time and-Vmax in Nonnal Myocardial Tissue 
Under Electrical Field Stimulation-, by Akihiko Taniguchi, Junji Toyama, Itsuo Kodama, 
Takafumi Amio. Masaki Shirakawa and Shiro Usui. Amerir..n in^^ninl ofPhv.i^ ^^py Vol. 267 
(Heart Circulation Physiology, Vol. 36), pp. H694.H705. 1994, the disclosure of which is 
incorporated herein by reference, describes various interactions between electro-tonic currents 
and action potential upstrokes. 

"Effect of Light on Cakaum Transport in BuU Sperm Cells", by R. Lubart. H. 
Friedmann. T. Levinshal. R. Lavie and H. Breitbart Joom.i nf Pi,^.^h pn„>^T Phnf^kt.i.^ 
E. Vol. 14. No. 4. pp. 337-341. September 12. 1992. the disclosure of which is incorporated 
herein by reference, describes an effect of Ught on bull sperm cells, in which laser light 
increases tiie calcium transport in these cells. It is also known that low level laser Ught affects 
calcium transport in other types of cells, for exanqsle as described in U.S. Patent 5,464,436, die 
disclosure of which is incorporated herein by reference. 

The ability of electro-magnetic radiation to affect calcium transport in cardiac 
myocytes is well documented. Loginov VA. "Accumulation of Calcium Ions in Myocardial 
Sarcoplasmic Reticulum of Restrained Rats Exposed to tiic Pulsed Electromagnetic Field", in 
AviakQsmF,knlffgM«1. VoL 26, No. 2, pp. 49-51. March-April, 1992. the disclosure of which 
is incorporated herein by reference, describes an experiment in which rats were exposed to a 1 
Hz field of between 6 and 24 mTesla. After one month, a reduction of 33 percent in tiie 
velocity of calcium accumulation was obsaved. After a secorid month, the accumulation 
velocity was back to normal, probably due to an adqjtation medianism. 

Schwartz JL, House DE and Mealing GA. in "BqMsure of Frog Hearts to CW or 
Anq>Kmdc-Modulated VHF Fields: Selective Efflux of Calcium Ions at 16 Hz". 
BioclcctnmiagPStics, Vol. 11. No. 4. pp. 349-358. 1990, the disclosure of which is 
incorporaled herem by reference, describes an experiment m which the efQux of calcium ions 
m isolated frog hearts was increased by between 18 and 21% by the qiplication of a 16 Hz 
modulated VHF electromagnetic field. 

Lindstrcm E, lindstrom P. Berglund A, Lundgren E and Mild KH, in "Iniracelhilar 
Calcium Oscillations in a T-cdl Line After Exposure to Extremely-Low-Frequency Magnetic 
Fields witii Variable Frequencies and nux Densities". BifldfiCtomagnstics, Vol. 16. No. 1. 
pp. 41-47, 1995, the disclosure of which is incorporated herein by reference, describes an 
experiment in whidi magnetic fields, at frequency between 5 and 100 Hz (Peak at 50 Hz) and 
with mtcnsities of between 0.04 and 0.15 mTesla affected calcium ion transport in T-cells. 

Loginov VA, Gorbatenkova NV and Klnnovitskii Via, in "Effects of an Impulse 
Electromagnetic Field on Calcium Ion Accumulation in tiic Sarcoplasmatic Reticulum of the 
Rat Myocardium", Kosm Biol Avjakosm Med. Vol. 25. No. 5. pp. 51-53, September-October. 
1991. tixe disclosure of which is incorporated herein by reference, describes an experiment in 
which a 100 minute exposure to a 1 msec impulse, 10 Hz frequency and 1-10 mTesla field 
produced a 70% inhibition of calcium transfe across tiie sarcoplasmic reticulum. The cfTcci is 

6 



W097J 



PCT/IL97/00012 



hypothesized to be associated with direct inhibition of Cg- ATPase. 

It should be noted that some researdiers claim that low ftequcncy magnetic fields do 
NOT have the above reported effects. For example, Coulton LA and Barker AT, in "Magnetic 
Fields and Intracellular Calcium: Effects on Lymphocytes Exposed to Conditions for 
'Cyclotron Resonance'", Phvs Med Biol. Vol. 38, No. 3, pp. 347-360, March, 1993. the 
disclosure of which is incorporated herein by references. aq)osed lymphocytes to radiation at 
16 and 50 Hz, for a duration of 60 minutes and Med to detect any changes in calcium 
concentration. 

Pumir A, Plaza F and Krinsky VI, in "Control of Rotating Waves in Cardiac Muscle: 
Analysis of the Effect of Electric Fields", ProcRSoc T/^ndBRinlSH Vol. 257, No. 1349, pp. 
129-34, August 22, 1994, the disclosure of which is incorporated herein by reference, 
describes that an application of an external electric field to cardiac muscle affects conduction 
velocity by a few percent This effect is due to the hyperpolarization of one end of muscle cells 
and a depolarization of the other end of the cell. In particular, an externally applied electric 
field favors propagation antiparaUel to it It is suggested in the article to use this effect on 
conduction velocity to treat arrhythmias by urgmg rotating waves, which arc the precursors to 
atrfaydmiias, to drift sideways to nonrexcitable tissue and die. 

"Control of Muscle Contractile Force Through Indirect High-Frcquency Stimulation", 
by M. Sblomonow. E. EMied, J. Lyman and J. Foster, American Joii mal nf Phv^nral M.^ir^^ 
VoL 62, No. 2, pp. 71-82, ^nil 1983, the disclosure of which is incorporated herein by 
reference, describes a mediod of cantroUing skeletal muscle contraction by varying various 
parameters of a 500 Hz pulse of electrical stimulation to the muscle. 

"Biomedical Engineering Handbook", ed. Josq>h D. Bronzino, dieter 82.4, pa^ 
1288, IEEE press/ CRC press, 1995, describes the use of precisely timed subthreshohl stimuli, 
simultaneous stimulation at multiple sites and pacing with elevated energies at the site of a 
tachycardia foci, to prevent tachycardia. However, none of these methods had proven practical 
at the time the book was written. In addition a biphasic defibrillation scheme is described and 
it is theorized that biphasic defibrillation schemes are more effective by virtue of a larger 
voltage change when the phase dianges or by the biphasic waveform causing 
hyperpolarization of tissue and reactivation of sodium channels. 

"Subthreshold Conditioning Stimuli Prolong Human Ventricular Rcftactoiincss", 
Whxdle JR. MUcs WM. Zipcs DP and Piystowsky EN. AmericaTi Jm mial of rarrfiolnfy Vol. 
57, No. 6, pp. 381-386, February, 1986, the disclosure of which is incorporated herein by 
reference, describes a study m which subthreshold stnnuli were appUcd before a prcmamre 
stimulus and effectively blocked die premature stimulus from having a pro-arrhythmic effect 
by a mechanism of increasing the refractny period of right ventricular heart tissue. 

"Ultrarapid Subthreshold Stimulation for Termination of Atrioventricular Node 
Reentrant Tachycardia", Fromer M and Shenasa M, Joumal of thg Am^riran rniiaop nf 
Cardiology, Vol. 20, No. 4, pp. 879-883, October, 1992. the disclosure of which is 
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incoiporated herein by reference, describes a study in-Avhich trains of subthreshold stimuli 
were applied asynchronously to an area near a reentry circuit and thereby terminated the 
anhythmia. Subthreshold stimuli were described as having both an inhibitory and a facilitatino 
effect on conduction. In addition, subthreshold stimuU are described as reducing the threshold 
of excitability, possibly even causing an action potential. 

"Inhftition of Premature Ventricular ExtrastimuK by Subthreshold Conditioning 
StimuU", Skalc B. Kallok MJ, Prystowsky EN. Gill RM and Zipes DP. Jounial of th. 
American Collage of Cardinlff g y . Vol 6, No. i. pp. 133-140, July, 1985, the disclosure of 
which is incorporated herein by reference, describes an animal study m which a train of 1 
msec duration pulses were appUed to a ventricle 2 msec before a premature stimuU. inhibited 
the response to the premature stimuH. with a high frequency train delaying the respimse for a 
much longer amount of time (152 msec) than a single pulse (20 msec). The delay between the 
pacing of the ventricle and the pulse train was 75 msec. However, the subthreshold stimuli 
only had this effect when deUvcred to the same site as the premature stimulus. It is suggested 
to use a subthreshold stimuli in to prevent or terminate tachycardias, however, it is noted that 
this suggestion is restrained by the spatial limitation of the technique. 

The Phase of Supernormal Excitation in Relation to the Strength of Subthreshold 
Stimuli", Yokoyama M, Japanese Heart Journal, Vol. 17, No. 3, pp. 35-325, May, 1976, the 
disclosure of which is incoiporated herein by reference, describes the effect of varying the 
amplitude of a subthreshold stimuU on supernormal excitation. When the ampUtude of the 
StimuU was increased, the supemoimal excitation phase inoeased in length. 

SUMMARY OF THE INVENTION 
It is an object of some aspects of the present invention to provide a method of locaUy 
controUing the electrical and/or mecbaoical activity of cardiac muscle cells, in situ. Preferably, 
continuous control is appfied. Alternatively, discrete control is ^Ued. Further preferably, the 
control may be varied between cardiac cycles. One example of elecdical control is shortening 
the reftactoiy period of amusde fiber by applying a negative voltage to the outside of the cell. 
The cell may also be totally blocked from reacting by maintaimng a sufficiently positive 
voltage to the outside of the ceU, so that an activation signal fiuls to sufBdently depolarize the 
cellular membrane. One example of mechanical control inchides increasing or decreasing the 
strength of contraction and the duration of the contraction. This may be achieved by cxtendmg 
or shortening the plateau and/or the action potential duration by applying non-cxdtatory 
voltage potentials across the cell. The increase in stixngth of conttaction may include an 
increase in peak force of contraction attained by muscle fibers, may be an increase in an 
average force of contraction, by synchronization of contraction of individual fibers or may 
include changing the timing of the peak strength. 

It should be appreciated that some aspects of the present invention are different from 
both pacemaker operation and defibrillator operation. A pacemaker exerts excitatory elecmc 
fields for many cycles, while a defibrillator does not repeat its applied electric field for many 

8 




W097i^^ PCT/IL97/00012 
cycles, due to the disraptive effect of the defibrillation current on cardiac contraction. In fact, 
the main effect of the defibrination current is to reset the synchronization of the heart by 
forcing a significant percentage of the cardiac tissue into a refractory state. Also, defibrination 
currents are several orders of magnitude stronger than pacing currents. It is a particular aspect 
of some embodiments of the present invention that the regular activation of the heart is not 
disrupted, rather, the activation of the heart is controUed, over a substantial number of cycles, 
by varying parameters of the reactivity of segments of cardiac muscle cdls. 

In some aspects of the invention, where the heart is artificially paced in addition to 
being controlled in accordance with the present invention, the activation cycle of the heart is 
normal with respect to the pacing. For example, when the control is appUed locaUy, such that 
the activation of the rest of the heart is not affected. 

In some aspect of the invention, the control is initiated as a response to an unusual 
cardiac event, such as the onset of fibrillation or the onset of various types of arrhythmias. 
However, in other aspects of the present invention, the control is initiated in response to a 
desired increase in cardiac output or other long-term effects, such as reducing the probability 
of vaitricular fibrillation (VF) or increasing the coronary blood flow. 

Another difference between defibrillation, pacing and some embodiments of the 
present invention is that defibrillation and pacing are ^Ued as tedmiques to affect the entire 
heart (or at least an entire chamber), while certain embodiments of the present invention, for 
example, fences (described below), are appfied to local portion of the heart (which may be as 
large as an entire chamber) with the aim of affecting only local activity. Yet another difference 
between some onbodiment of the present invention and defibrillation is in the energy applied 
to the heart muscle. In defibrillation, a typical electric field strengfii is 0.5 Joule (which is 
beHeved to be strong enough to excite refractory tissue, "Optical Recordings...", cited above), 
while in various embodiment of the invention, the appHed field strength is between 50 and 500 
micro joules, a field strength which is believed to not cause action potentials in refractory 
tissue. 

It is a fiirther object of some aspects of the present invention to provide a complete 
control system for the heart which includes, inter alia, controlling the pacing rate, refractory 
period, conduction velocity and mechanical force of the heart Except for heart rate, each of 
these parameters may be locally controUed, i.e., each parameter will be controlled in only a 
segment of cardiac muscle. It should be noted that heart rate may also be locally controlled, 
especially with the use of fences widcb isolate various heart segments from one another, 
however, in most cases this is detiimental to the heart's pumping efficiency. 

In one preferred embodiment of the present invention, electrical and/or mechanical 
activity of a segment of cardiac muscle is controUed by applying a non-exciting field (voltage) 
or current across the segment. A non-cxcitii^ signal may cause an existing action potential to 
change, but it wiU not cause a propagating action potential, such as those induced by 
pacemakers. The changes in the action potential may include extension of the plateau duration, 
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extension of the refractory period, shortening of the post-platcau rcpolariation and other 
changes in the morphology of the action potential. However, the non^citing signal may 
affect a later action potential, for example, it may delay such a potential or may accelerate its 
onset Another type of non-exciting signal is a voltage which docs not cause a new contraction 
of the cardiac muscle cell to which the non-exciting signal is applied. Activation potential 
generation may be averted cither by applying voltage of the wrong polarity, the voltage being 
applied when the cell and/or the surrounding cells are not sensitive to it or by the amplitude of 
the voltage being too snxaU to depolarize the cell to the extent that a new action potential will 
be generated during that period. 

Optionally, this control is exerted in combination with a pacemaker which applies an 
exciting signal to the heart In a preferred embodiment of the invration, a pacemaker (or a 
defibrillator) incorporates a controller, operating in accordance with at least one embodiment 
of the invention. A pacemaker and a controller may share a battery, a micro-controller, sensors 
and possibly electrodes. 

In another prefeircd embodiment of the present invention, arrhythmias and fibrillation 
arc treated using fences. Fences are segments of cardiac muscle which are temporarily 
inactivated using electrical fields. In one example, atrial fibrillation is treated by channeling 
the activation signal &om an SA node to an AV node by fencing it in. In another cxan^lc, 
fibrillations are damped by fencing in the multimdc of incorrect activation signals, so that only 
one path of activation is conducting. In still another example, ventrioilar tachycardia or 
fibrillation is treated by dividing the heart into insulated segments, using electrical fields and 
deactivating the fences m sequence with a normal activation sequence of the heart, so that at 
most only one segment of the heart will be prematurely activated. 

In still another preferred embodiment of the invention, the muscle mass of die heart is 
redistributed using electrical fields. In general, changing the woridoad on a segment of cardiac 
muscle activates adaptation mechanisms which tend to change the muscle mass of the segment 
witii time. Changing the workload may be achieved, in accoidazKie with a preferred 
embodiment of the invotion, by mcreasing or decreasing the action potential plateau duration 
of the segment, using applied electrical ficWs. Alternatively or additionally, the woridoad may 
be changed indirectly, in accordance with a preferred embodiment of the invention, by 
changing the activation time of the segment of the heart and/or its activation sequence. Further 
additionally of alternatively, the workload may be changed by dircctiy controlling the 
contractility of a segment of the heart 

In yet another preferred embodiment of the invention, the operation of the cardiac 
pump is optimized by changing the activation sequence of tiie heart and/or by changing 
plateau duration at segments of the heart and/or by changing the contractility thereat 

In still another preferred embodiment of the invention, the cardiac output is modified, 
preferably increased, by applying a non-excitatory electric field to a segment of the heart, 
preferably the left Ventricle. Preferably, the extent of increase in cardiac output especially the 
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left ventricular output, is controlled by varying the size of the segment of the heart to which 
such a field is applied. Alternatively or additionally, the strength of the electric Geld is 
changed. Alternatively or additionally, the timing of the pulse is changed. Alternatively or 
additionally, the duration, shape or frequency of the pulse is changed. The increase in output 
5 may include an increase in peak flow rate, in flow volume, in average flow rate, or it may 
inchide a change in the flow profile, such as a shift in the development of the peak flow, which 
improves overall availability of blood to body organs. 

In still another prefeired embodiment of the invention, the developed ventricular 
pressure is modified^ preferably increased, by applying a non-excitatory electric field to a 
10 segment of the heart, preferably the left ventricle. Preferably, the extent of increase in cardiac 
output is controlled by varying the size of the segment of the heart to \^^ch such a field is 
^plied. Altemarively or additionally, the strength of the electric field is changed. 
Alternatively or additionally, the timing of the pulse is changed. Alternatively or additionally, 
the duration of the pulse is changed. Alternatively or additionally, the waveform of the pulse is 
15 changed- Alternatively or additionally, the frequency of the pulse is changed. The increase in 
pressure may include an increase in peak pressure, average pressure or it may include a change 
m the pressure profile, such as a shift in the development of the peak pressure, which improves 
the contractility. 

In accordance with yet anotha preferred embodiment of the invention, the afterioad of 
20 the heart is mcreased by applying non-excitatory electric fields to at least a segment of the 
heart, whereby the flow in the coronary arteries is improved. 

In accordance with another preferred embodiment of the invention various cardiac 
parameters are controlled via inherent cardiac feedback mechanisms. In one example, the heart 
O rate is controlled by applying a non-exciting voltage to pacemaker cells of the heart, at or near 

f^j 25 the S A node of the heart Preferably, the heart rate is increased by applying the non-excitatory 

field 

In a preferred embodiment of the invention, a single field is qyplied to a large segment 
of the heart- Preferably, the field is applied at a time delay after the beginning of the systole. 
Preferably, the non-exciting field is stopped before half of the systole is over, to reduce the 
30 chances of fibrillation. 

In another preferred embodiment of the invention, a plurality of segments of the heart 
are controlled, each with a different non-excitatory electric field. Preferably, each electric field 
is synchronized to the local activation or other local parameters, such as initiation of 
contraction. A fiuther preferred embodiment of the invention takes into account the stmcture 
35 of flic heart. The heart muscle is usually disposed in layers, with each layer having a (different) 
muscle fiber orientation. In this embodiment of the invention, a different field orientation 
and/or polarity is preferably applied for different orientations of muscle fibers. 

In one preferred embodiment of the invention, this technique, which takes the muscle 
fiber orienution into account, may be applied to local defibrillation-causing electric fields, the 
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purpose of which fields may be to delay the repolarization of a certain, limited segment of the 
heart, thereby creating a fence. 

There is therefore provided in accordance with a preferred embodiment of the 
invention, a method of modifying the force of contraction of at least a portion of a heart 
chamber, comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 

and 

applying a nai-excitatoiy electric field having a given duration, at a delay after the 
activation, to the portion, whidi causes the force of contraction to be increased by at least 5%. 
Preferably, the force is increased by a greater percentage such as at least 10%, 30% or 

50% 

There is fiirther provided, in accordance with a preferred embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
conqirising: 

providing a subject having a heart, comprising at least a portion having an activation; 

and 

applying a non-excitatory electric field having a given duration, to the portion at a 
delay of less than 70 msec after die activation. 

There is feather provided, in accordance with a preferred embodiment of the invention 
a method of modifying the force of contraction of at least a portioa of a heart chamber,* 
comprising: 

providing a subject having a heart, compiising at least a portion having an activation; 

and 

applying a non-excitafory electric fidd having a given duration, at a delay after the 
activation, to tbc portion, which causes the jmssure in the chamber to be increased by at least 
2%. 

Preferably the pressure is increased by a greater amount such as at least 10% or 20%. 

There is further provided, in accordance witii a prefened embodiment of the invention 
a method of modifying the force of contractidn of at least a portion of a heart diamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 

and 

flying a non-excitatory electric field having a given duration, at a delay after the 
activation, to the portion, wherein the chamber has a flow volume and wherein Ihe flow 
volume is increased by at least 5%. 

Preferably, the flow volume is increased by a greater amount such as at least 10% or 

20%. 

There is fiirther provided, in accordance with a prefenrcd embodiment of the invention 
a method of modifying the force of contraction of at least a portion of a heart chamber. 
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comprising: 

providing a siibject having a heart, comprising at least a portion having an activation; 

and 



activation, to the portion, wherein the chamber has a flow rate such that the flow rate is 
increased by at least 5%. 

Preferably, the flow rate is increased by a greater amount such as at least 10% or 20%. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of modifying the force of contraction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 

and 

applying a non-excitatory electric field to the portion at a delay after the activation, the 
field having a given duration of at least 101 msec and not lasting longer than the cycle length. 
Preferably the duration is longer, such as at least 120 msec or 150 msec. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of modifying a force of contFaction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 

and 

applying a non-excitatory electric field having a given duration, at a delay after the 
activation, to the portion, 

wherein the portion of the chamber has an iimer surface and an outer surface and 
wherein the field is applied between fhe inner surfiau:e and die outer sur£ice. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
compnsmg: 

providing a subject having a heart, comprising at l^ist a portion having an activation; 

and 

applying a non-excitatory electric field having a given duration, at a delay after the 
activation, to the portion, 

wherein the portion of the chamber has an inner surface and an outer surface and 
wherein the field is applied along the outer surface. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 

and 

applying a non-excitatory electric field having a given duration, at a delay after the 



applying a non-excitatory electric field having a given duration, at a delay after the 
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activation, to the portion, 

wherein the portion of the chamber has an inside surface, an outside surface and 
intra-muscle portion and wherein the field is applied between the intra-muscle portion and at 
least one of the surfaces. 

There is further provided, in accordance with a prefened embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a hean chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 

and 

applying a non-excitatory electric field having a given duration, at a delay after the 
acdvation, to the portion, 

wherein the field is appHed between a single electrode and a casing of an unplanted 

device. 

There is further provided, in accordance with a preferred embodiment of the mvention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 

and 

applying a non-excitalory electric field having a given duration, at a delay after the 
activation, to the portion, using an electrode Qoaaing inside die heart 

There is finther provided, in accordance with a prefiared embodiment of the invention 
a metiiod of modifying a force of confraction of at least a portion of a heart chamber, 
conqnismg: 

providing a subject having a heart, comprismg at least a portion having an activation; 

and 

qjplying a non-excitatoiy electric fidd having a given duration, at a delay after the 
activation, to the portion, 

wherein the field is applied using at least two electrodes and wherein the at least two 

electrodes are at least 2 cm apart 

In preferred embodiments of the invention the electrodes are at least 4 or 9 cm apart 
There is fiirther provided, in accordance witii a prefenred embodiment of the invention 

a method of modifymg a force of conti^aion of at least a portion of a heart chamber, 

comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 

and 

applying a non-excitatoiy electric field having a given duration, at a delay after the 
activation, to the portion, 

wherein the field is applied using at least two electrodes and wherein one electrode of 
die at least two electrodes is at a base of a chamber of the heart and one electrode is at an apex 
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of a chamber of the heart 

There is further provided, in accordance with a preifcrrcd embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

5 providing a subject having a heart, comprising at least a portion having an activation; 

and 

applying a non-excitatory electric field having a given duration, at a delay afier the 
activation, to the portion, 

wherein the field is applied using at least three electrodes and wherein applying a non- 
1 0 excitatory field comprises: 

electrifying a first pair of the at least three electrodes; and 
subsequently electrifying a second pair of the at least three electrodes. 
There is fiirther provided, in accordance with a preferred embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber. 
15 comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 

and 

jqjplying a non-exdtatory electric fidd having a given duration, at a delay after the 
activation, to tiie ]X)rtion, wherem the field is s^Iied using at least two electrodes placed 
20 externally to the subject 

;f ; There is fur&o: provided, in accordance with a prefored embodiment of the invention 

y i 

I a method of modifying a force of contraction of at least a portion of a hean chamber, 

H comprising: 

^; providing a subject having a heart, comprising at least a portion having an activation; 

25 and 

Q applying a non-exdtatoiy electric field having a given duration, at a delay after the 

^ activation, to the portion, 

wherein the electric field at least partially cancels electro-tonic currents in at least the 
portion of the heart chamber. 
30 There is further provided, in accordance with a preferred embodiment of the invention 

a method of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 
applying a non-excitatory electric field having a given duration, at a delay after the 
35 activation, to the portion between two positions; and 

sensing an activation at a site between fhe two positions. 

There is fijrther provided, in accordance with a preferred embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

15 



V/097/T. 




PCTAL97/00012 



providing a subject having a heart, comprising at least a portion having an activation; 

applying a non-excitatory electric field having a given duration, at a delay after the 
activation, to the portion between two positions; and 

sensing an activation at a site coinciding with one of the two positions. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 
applying a non-excitatory electric field having a given duration, at a delay after the 
activation, to the portion between two positions; 
sensing an activation at a site; and 

estimating the activation of the portion &om the sensed activation. 

Preferably sensing comprises sensing a value of a parameter of an ECG and wherein 
estimating comprises estimating the delay based on a delay value associated with the value of 
the parameter. 

Preferably, the site is at a different chamber of the heart than the chamber at which the 
field is applied. 

Preferably, the site is substantially the earliest activated site in the chamber of the 
portion. 

There is finther provided, in accordance witii a preferred embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an acdvadon; 

iq)plying a non-excitaloty electric field having a given duration, at a delay after the 
activation, to the portion; and 

s^lying a second non-excitatory electric field to a second portion of the chamber. 

There is fiirther provided, in accordance with a prefe r red embodiment of the invention 
a method acooiding to claim 36, wherein the second field is applied in the same cardiac cycle 
as the non-excitatory field 

Preferably, each portion has an individual activation to which the afjplications of the 
field thereat are synchronized. 

Preferably, the second field has a different effect on the heart than the non-excitatory 

field. 

Preferably, only the second non-excitatory field is applied during a different cardiac 

cycle. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 
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estimating the acdvatioii at the portion; and 

applying a non-excitatory electric field having a given duration, at a delay after the 
estimated activation* to the portion. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 
applying a non-excitatory electric field having a given duration, at a delay after the 
activation, to the portion; and 

repeating application of the non-excitatory field, during a plurality of later heartbeats, 
at least some of which are not consecutive. 

Preferably, the method comprises gradually reducing the frequency at which beats are 
skipped during the repeated applicadon. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 

^iplying a non-excitatory electric fidd having a given duration, at a delay after the 
activation, to the portion, wherein the portion has an extent; and 

changing the extent of the portion to which the field is qsplied, between beats. 

There is further provided, in accordance with a preferred embodiment of the invention 
a- method of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 
irradiating the portion with light synched to the activation; and 
repeating irradiating at at least 100 cardiac cycles, during a period of less than 1000 
cardiac cycles. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 
irradiating the portion with radio fircqucncy radiation synched to the activation; and 
repeating irradiating at at least 100 cardiac cycles, during a period of less than 1000 
cardiac cycles. 

There is further provided, in accordance with a preferred embodiment of the invention 
a metiiod of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 

and 
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modifying the availabiliiy of calcium ions inside muscle fibers of the portion during a 
pcnod of time including a time less than 70 msec after the activation, in response to the 
activation. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
conqjrising: 

providing a subject having a heart, comprising at least a portion having an activation; 

and 

modifying the transport rate of calcium ions inside muscle fibers of the portion, during 
a period of time less than 70 msec after the activation, m response to the activation. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of modifying a force of contraction of at least a portion of a heart chamber, 
comprising: 

providing a subject having a heart, comprising at least a portion having an activation; 

and 

modifying the availability of catecholamines at the portion in synchrony with the 
activation. 

There is further provided, in acconiance with a preferred embodiment of the mvention 
a method of modifying the activationprofile of at least a portion of a heart, comprising, 
nu^iping the activation profile of the portion; 
determining a desired change in the activation profile; and 

modifying, using a non-cxcitatoiy electric field, the conduction velocity in a non- 
anhythmic segment of the portion, to achieve the desired change. 

In a preferred embodiment of the invention, wherein the desired change is an AV 
mterval and whcrem modifying comprises modifying the conduction velocities of puricinje 
fibers between an AV node and at least one of the ventricles in the heart. 

In a prefcned embodiment of the invention, the activation comprises an average 
activation of the portion. 

In a preferred embodiment of the mvention, the activation comprises an earliest 
activation. 

In a preferred embodiment of the invention, the activation comprises a mechanical 
activation. 

In a preferred embodiment of the invention, wherein the activation comprises an 
electrical activation. 

In a prefeircd embodiment of the invention, wherein the portion comprises a plurality 
of subportions, each having an mdividual activation and wherein applying a field comprises 
applying a field to each subportion at a delay relative to the individual activation of the 
subportion. 

In a preferred embodiment of the invention, :q)plying a non-excitatory electric field 
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comprises driving an electric current through the segmeat. Preferably, the current is less than 
20 mA- In some embodiments of the invention the current is less than 8 mA, 5 mA, 3 mA. 
Preferably, the current is at least O.S mA« in some embodiments it is at least 1 or 3 mA. 

In a preferred embodiment of the invention, the field is applied for a duration of 
between 10 and 140 msec. In other preferred embodiments it is allied for between 20 and 
100 msec, or 60 and 90 msec. 

In a preferred embodiment of the invention, the delay is less than 70 msec. In other 
prefenred embodiments it is less than 40, 20, 5 or 1 msec. In some embodiments the delay is 
substantially equal to zero. 

In a preferred embodiment of the invention, the delay is at least 1 msec. In other 
preferred embodiments it may be more than 3, 7, 15 or 30 msec. 

In a preferred embodiment of the invention, the electric field has an exponential 
temporal envelope. In others it has a square, triangular, ramped or biphasic temporal envelope. 
Preferably the electric field conqnises an AC electric field, preferably having a sinusoidal, saw 
tooth or square wave temporal envelope. 

In a preferred embodiment of the invention, wherein the portion of the chamber has an 
inside suz&ce and an outside surface, wherein the field is applied along the inner surface. 

In a preferred embodiment of the invention, wherein the portion of the chamber has a 
normal conduction direction, wherein the field is q>plied along the normal conduction 
directiorL 

In a preferred embodiment of tiie invention, wherein Hxc portion of the charriber has a 
normal conduction dir^on, wherein the field is ^lied perpendicular to the normal 
conduction directiorL 

In a preferred embodiment of tibe invention, the field is applied between at least two 
electrodes. Preferably, the electrodes are at least 2 cm apart In some preferred embodiments 
the electrodes are at least 4 or 9 cm apart 

The chamber may be any of the left ventricle, the left atrium, the right ventricle or the 
ri^t atrium. 

A preferred embodiment of Ae invention includes pacing the heart Preferably, 
applying the electric field is synchronized with the pacing. 

In a preferred onbodiment of the invention, the method includes calculating the delay 
based on the pacing. 

Jn a preferred embodiment of the invention, the method includes sensing a specific 
activation at a site. 

There is fivther provided, in accordance with a preferred embodiment of the invention, 
a method of modii^g the activation profile of at least a portion of a heart, comprising, 
mapping the activation profile of the portion; 
determining a desired change in the activation profile; and 

blocking the activation of at least & segment of the portion, to achieve the desired 
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change, wherein the segment is not part of a reentry circuifor an arrhythmia foci in-thc heart 
In a preferred embodiment of the invention, the blocked segment is an ischemic 



There is fiirthcr provided, in accordance with a preferred embodiment of the invention 
a method of modiiying the activation profile of at least a portion of a heart, comprising, 
mapping the activation profile of the portion; 
determining a desired change in the activation profile; and 

changing the refiractory " period of at least a segment of the portion, to achieve the 
desired change, wherein the segment is not part of a reentry circuit or an arriiythmia foci in the 
heart. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of modiiying the heart rate of a heart, comprising: 

providing a subject having a heart with an active natural pacemaker region; and 
applying a non-excitatory electric field to the region. 

Preferably, the electric field extends a duration of an action potential of the region. 

Preferably the method comprises extending the refi:actory period of a significant 
portion of the right atrium- 
There is further provided, in accordance with a preferred embodiment of the invention 
a method of reducing aa output of a diamber of a heart, comprising: 

deternnning the earliest activation of at least a portion of the chamber, which portion is 
not part of an abnormal conduction pathway in the heart; and 

flying a non-excitatoty electric field to the portion. 

Preferably, the field is applied prior to activation of the portion. 

Preferably, the field reduces the reactivity of the portion to an activation signal. 

Preferably, the field reduces the sensitivity of the portion to an activation signal. 

There is fixrtfaer provided, in accordance with a preferred embodiment of the invention 
amethod of reducing an output of a diamber of a heart, comprising: 

determining an activation of and conduction pathways to at least a portion of the 
chamber; and 

reversibly blocking the conduction pathways, using a locally applied non-excitatory 
electric field. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of reducing an output of a chamber of a heart, comprising: 

determining an activation of and a conduction pathway to at least a portion of the 
chamber, which portion is not part of an abnormal conduction pathway in the heart; and 

reversibly reducing the conduction velocity in the conduction pathway, using a locally 
applied electric field. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of performing cardiac surgcr>', comprising: 



segment. 
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blocking the electrical activity to at least a portion of the heart using a non-excitatory 
electric field; and 

perfonning a surgical procedure on the portion. 

There is further provided, in accordance with a preferred embodiment of the invention 
S a method of performing cardiac surgery, comprising: 

reducing the sensitivity to an activation signal of at least a portion of the heart using a 
non-excitatory electric field; and 

performing a surgical procedtu^ on the portion. 

There is fiirther provided, in accordance with a preferred embodiment of the invention 
10 a method ofcontrolling the heart, comprising, 

providing a subject having a heart with a lefi ventricle and a right ventricle; 
selectively reversibly increasing the contractiUty of one of the ventricles reladve to the 
other ventricle. 

Preferably, selectively reversibly increasing comprises applying a non-excitatory 
15 electric field to at least a portion of the one ventricle. 
H There is further provided, in accordance with a preferred embodiment of the invention 

a method of controlling the heart, comprising, 

providing a subject having a heart with a left ventricle and a right ventricle; 
^^1 selectively reversibly redizdng tfie contractility of one of the ventricles, relative to the 

20 other ventricle. 

Preferably, selectively reversibly reducing comprises applying a norv^dtatoiy electric 
5 field to at least a portion of the one ventricle. 

^; There is further provided, in accordance with a preferred embodiment of the invention 

a method of treating a segment of a heart which is induces airiiydmuas due to an abnormally 
y 25 low excitation threshold, con:^)rising: 

P identifying the segment; and 

applying a desensitizing electric field to the segment, such that the excitation threshold 
is increased to a normal range of values. 

There is furAer provided, in accordance with a preferred embodiment of the invention 
30 a method of modifying an activation profile of at least a portion of a heart, comprising: 
determining a desired change in Ae activation profile; and 

reversibly blocking the conduction of activation signals across a plurality of elongated 
fence portions of the heart to achieve the desired change. 

Preferably, blocking the conduction creates a plurality of segments, isolated from 
35 external activation, in the portion of the heart Preferably, at least one of the isolated segments 
contains an arrhythmia focL Preferably, at least one of the isolated segments does not contain 
an arrhythmia foci. 

Preferably, the method includes individually pacing each of at least two of the plurality 
of isolated segments. 
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Preferably, blocking the conduction limits an activation front from traveling alone 
abnonnal pathways. 

Preferably, reversftly blocking comprises reversibly blocking conduction of activation 
signals, synchronized with a cardiac cycle, to block abnormal activation signals. 

In a preferred embodiment of the invention reversibly blocking comprises reveisibly 
blocking conduction of activation signals, synchronized with a cardiac cycle, to pass normal 
activation signals. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of treating abnomal activation of die heart, conqmsing: 
detecting an abnormal activation state; and 

modifying the activation of die heart in accordance with the above described method to 
stop the abnormal activation condition. 

In a preferred embodiment of the invention the abnormal condition is fibrillation. 

There is fiather provided, in accordance with a prcfiared embodiment of the invention 
a method of controlling the heart con^}rising: 

determining a desired range of vahies for at least one parameter of cardiac activity, and 

controlling at least a local force of contraction in the heart to maintain the parameter 
within the desired range. 

Preferably, cantrolling includes controlling the heart rate. 

Preferably, controlling inchides controlling a local conduction velocity. 

Preferably, tiic parameter responds to die control with a time constant of less than 10 
minutes. Alternatively it rounds with a time constant of more dian a day. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of controlling the heart, conqirising: 

determining a desired range of vahies far at least one parameter of cardiac activity, 

controlling at least a portion of the heart using a non-excitalory electric field having at 
least one characteristic, to maintain tfie parameter within the desired range; and 

changing the at least one characteristic m response to a reduction in a reaction of the 
heart to the electric field. 

Preferably, the characteristic is a strength of the electric field. Alternatively it 
comprises a duration of the electtic field, a frequency of the field or a vwive fimn of tiie field . 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of treating a patient having a heart with an unhealed infirct. comprising, applying 
any of the above methods, until the infarct is healed. 

There is fiirthcr provided, in accordance with a preferred embodiment of die invention 
a method of treating a patient having a heart, comprising, 

providing a patient, having an unhealed infarct in the heart; and 

applying one of the above metiiods until the heart is stabilized. 

In a preferred embodiment of tiie invention applying a non-excitatoiy field comprises 

22 



wo 97/^^ PCTAL97/000]2 

applying ^ non-excitatory field for between 3 and 5000 h«ut beats. 

There is further provided, in accordance with a preferred embodiment of the invention 
apparatus for controlling a heart comprising: 

a plurality of electrodes adapted to apply an electric field across at least a portion of the 
heart; and 

a power supply which electrifies the electrodes with a non-excitatory electric field, for 
a given duration at least 100 times during a period of less than 50.000 cardiac cycles. 

Preferably, are electrified at least 1000 times during a period of less than 50,000 
cardiac cycles. They may also be electrified at least 1000 times during a period of less than 
20,000 cardiac cycles or at least 1000 times during a period of less than 5,000 cardiac cycles. 

Preferably, the field is applied less than 10 times in one second. 

In a prefenred embodiment of the invention, the power supply electrifies the electrodes 
at least 2000 times over the period. In preferred embodiments the power supply electrifies the 
electrodes at least 4000 times over fiie period. 

There is fiirtfaer provided, in acaxdance with a prefenred embodiment of the inverUion 
apparatus for controlling a heart comprising: 

a plurality of electrodes adapted to ^ly an electric field across at least a portion of the 
heart; and 

a power simply which electrifies tiie electrodes with a non«excitatory electric field, for 
agiven duration, 

wherem at least one of the electrodes is ad^^ted to cover an area of the heart larger than 

2 cm2. 

Preferably at least one of the electrodes is ad^ted to cover an area of the heart larger 
than 6 or 9 cm^. 

There is finlher provided, in accordance witii a preferred embodiment of the invention 
s^aratus for controlling a heart conqirising: 

at least one uaipolar electrode ad^ted to apply an electric field to at least a portion of 
the heart; and 

a power supply which electrifies the electrodes with a non-excitatory electric field. 
Preferably tfie apparatus comprises a housing, which is electrified as a second 
electrode. 

There is further provided, in accordance witii a preferred embodunent of the invention 
qsparatus for controlling a heart comprising: 

a plurality of electrodes adapted to apply an electric field across at least a portion of the 
heart; and 

a power supply which electrifies the electrodes with a non-exdtatory electric field, for 
a given duration, 

wherein the distance between the electrodes is at least 2 cm. 

In preferred embodiments of the invention the distance is at least 4 or 9 cm. 
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There is further provided, in accordance with a preferred embodiment of the invention 
apparatus for controlling a heart comprising: 

at least three electrodes adapted to apply an electric field across at least a portion of the 
heart; and 

a power supply which electrifies the electrodes with a non-excitatory electric field, for 
a given duration, 

wherein the electrodes are selectively electrifiablc in at least a first configuration where 
two electrodes arc electrified and m a second configuration where two electrodes, not both 
identical with the first configuration electrodes, are electrified. 

There is further provided, in accordance with a preferred embodiment of the invention 
apparatus for controlling a heart comprising: 

a plurality of electrodes adapted to apply an electric field across at least a portion of the 

heart; 

a sensor which senses a local activation; and 

a power supply which electrifies the electn>des with a non-exdtatory electric field, for 
a given duration, responsive to the sensed local activation. 

Preferably the sensor senses a mechanical activity of the portion. 

Preferably, the sensor is adapted to sense the activation at at least one of the electrodes. 

Preferably, the sensor is adapted to sense the activation in the right atrium. 

Piefcrably, the sensor is adapted to sense the activation between the electrodes. 

Pieferably, the sensor senses an earliest activation in a chamber of the heart including 
flie portion and wherein the power siwly times the electrification responsive to the earliest 
activation. 

There is finther provided, in accordance with a preferred embodiment of the invention 
apparatus for controlling a heart comprising: 

electnxies adapted to apply an electric field across elongate segments of at least a 
portion of the heart; and 

a power supply which electrifies the electrodes with a non-excitaloiy electric field. 

Preferably, the electnxies are elongate electrodes at least one cm long. In other 
embodiments they are at least 2 or 4 cm long. Preferably the segments are less than 0.3 cm 
wide. In some embodiments thqr are less than 0.5, 1 or 2 cm wide. 

Preferably, the power supply electrifies the electrodes for a given duration of at least 20 
msec, at least 1000 times over a period of less than 5000 cardiac cycles. 

In preferred embodiments of the invention, the elongate segments divide the heart into 
at least two electrically isolated segments in the heart 

Tlxere is fiiifter provided, in accordance with a preferred embodiment of the invention 
apparatus for controlling a heart comprising: 

a plurality of electrodes adapted to apply an electric field across at least a portion of the 

heart; 
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a power supply which electrifies the electrodes with a non-excitatory electric field, for 
a given duration; and 

a circuit for detenxiining an activation at a site in the portion, 

wherein the power supply electrifies the electrodes responsive to the determined 
activation. 

Preferably, the electric field is applied at a given delay, preferably less than 70 msec, 
after an activation at one of the electrodes. 

In a preferred embodiment of the invention the electric field is applied before an 
activation at one of the electrodes. In various preferred embodiments of the invention the field 
is applied more than 30, 50 or 80 msec before the activation. 

Preferably, the circuit comprises an activation sensor which senses the activation. 
Alternatively or additionally the activation is calculated, preferably based on an activation in a 
chamber of the heart different from a chamber including the portion. 

Preferably the ^paratus includes a memory which stores values used to calculate a 
delay time, associated with a value of at least a parameter of a sensed ECG. Preferably, the 
parameter is a heart rate. 

There is further provided, in accordance with a preferred embodiment of the invention 
apparatus for controlling a heart comprising: 

a plurality of electrodes adspted to apply an electric field across at least a portion of the 

heart; 

a power supply which electrifies the electrodes with a non-excitatoiy electric field, for 
a given duration; 

a sensor which measures a parameter of cardiac activity; and 

a controller which controls the electrification of the electrodes to ?naint?iTi the 
parameter within a range of values. 

The apparatus preferably comprises a memoiy which stores a map of electrical activity 
in the heart, wherein the controller uses the map to determine a desired electrification. 

The qjparatus prefarabty comprises a memory which stores a ir^^iel of electrical 
activity in the heart, wherein the controller uses the model to detenmne a desired 
electrificatioiL 

There is further provided, m accordance with a preferred embodiment of the invention 
apparatus for controlling a heart comprising: 

a plurality of electrodes adapted to apply an electric field across at least aponion of the 

heart; 

a power supply which electrifies the electrodes with a non-excitatory electric field, for 
a given duration; and 

a controller which measures a reaction of the heart to the electrification of the 
electrodes. 

Preferably, the controller changes the electrification based on the measured reaction. 
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Preferably, the apparatus includes a memory Which storcs-^hemi^ . 

•nierc is further provided, in accordance with a preferred embodiment of the invention 
apparatus for controlling a heart comprising: 

a plunOity of electrodes adapted to apply an electric field across at least a portion of the 

heart; 

a power supply which electrifies the electnxies with a non^citatoiy electric field, for 
a given duration; axKl 

a pacemaker which paces the heart. 

Preferably, the pacemaker and the remainder of the apparatus are contained in a 

common housing. 

Preferably, the pacemaker and the remainder of the apparatus utUize common 
excitation electrodes. Preferably, the pacemaker and the remainder of the apparatus utUize a 
common power supply. 

Preferably, the non-excitatory field is synchronized to the pacemaker. 
Preferably, the electrodes are electrified using a single pulse which combines a pacing 
electric field and a non-excitatory electric field. 

There is fiirther provided, in accordance with a preferred embodiment of the invention 
apparatus for controlling a heart comprising: 

a plurality of electrodes ad^ted to apply an electric field across at least a portion of the 
heart; and 

a power supply M^ch electrifies the electrodes with a non-excitatory electric field, for 
a givoi duration, 

wherein at least one of the electrodes is mounted on a catheter. 
There is further provided, in accordance with a preferred embodiment of the invention 
apparatus for controlling a heart conqmsing: 

a pluraKty of electrodes ad^ted to apply an electric field across at least a portion of the 
heart; and 

a power sapply which electrifies die electrodes with a non<xcitatory electric field, fer 
a given duration. 

wherein the electrodes are adapted to be applied externally to the body. 
Preferably, the ^aratus includes an external pacemaker. 

Preferably, the apparatus comprises an ECG sensor, to which electrification of the 
electrodes is synchronized. 

In a preferred embodiment of the invention the duration of the field is at least 20 msec. 
In other preferred embodiments the duration is at least 40, 80 or 120. 

In a preferred embodiment of the mvcntion a current is forced through the portion, 
between the electrodes. 

Preferably, the qiparatus includes at least another two electrodes, electrified by the 
power supply and adapted to apply a non-excitatoiy electric field across a second ponion of 
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the heart. Preferably, the apparatus comprises a controUecj^hich coordinates the electrification 
of all the electrodes in the apparatus. 

Preferably, a peak current through the electrodes is less than 20 mA. In some preferred 
embodiments it is less than 10, 5 or 2 mA. 



field may be unipolar or bipolar. The field may have a constant strength. 

There is furtiier provided, in accordance with a preferred embodiment of the invention 
apparatus for optical control of a heart, comprising: 

at least one implantable light so\irce which generates pulses of light, for at least 1000 
cardiac cycles, over a period of less than 5000 cycles; and 

at least one wave guide for providing non-damaging intensities of light fiom the light 
source to at least one site on the heart 

Preferably, the at least one Iig}it source comprises a pluraUty of light sources, each 
attached to a different site on the heart 

Preferably, the wave guide is an optical fiber. 

Preferably, the light source comprises a monochrome light source. 

In a preferred embodiment of the mvention the qiparatus comprises a sensor, which 
measures an activation of at least portion of the heart, wherem the light source provides 
pulsed lig^t in synchrony wilh the measured activation. 

There is iixrther provided, in accordance with a preferred embodiment of the invention 
a method of programming a programmable controller for a subject having a heart, comprising: 

determining pulse parameters suitable for controUmg the heart using non-excitatory 
electric fields; and 

programming the controller with the pulse parameters. 

Preferably, determining pulse parameters comprises determining a timing of the pulse 
relative to a cardiac activity. 

Preferably, the cardiac activity is a local activatioiL 

Preferably, determining a timing comprises determining timing which does not induce 
fibrillation in the heart 

Preferably, determining a timing comprises determining a timing which does not 
induce an anliythmia in the heart 

Preferably, determining a timing comprises determining the timing based on a map of 
an activation profile of the heart. 

Preferably, determining a timing comprises calculating a delay time relative to a sensed 
activation. 

Preferably, controlling the heart comprises modifying the contractility of the heart 
There is further provided, in accordance witli a preferred embodiment of the invention 



In preferred embodiments of the invention the electrodes are adapted to be substantially 
in contact with the heart. 

Preferably the electric field has an exponential, triangular or square wave shape. The 
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a method of determining an optimal placement of aMeast two individual electrodes for 

controlling a heart using non-excitatory electric fields, comprising: 

determining an activation profile of at least a portion of the heart; and 

dctcnnining an optimal placement of the electrodes in the portion based on the 

activation profile. 

Preferably the method includes detemiining an optimal location for an activation 
sensor, relative to the placement of die electrodes. 

Preferably, controlling comprises modifying the contractility. 

Preferably, controlling comprises creating elongate non-conducting segments in the 

heart. 

There is finthcr provided, in accordance with a preferred embodiment of the invention 
a method of determining a timing parameter for a non-excitatory, repeatably applied pulse for 
a heart, comprising: 

applying a non-excitatory pulse using a first delay; 

determining if the pulse induces an abnormal activation profile in the heart; and 

repeating applying a non-excitatory pulse using a second delay, shorter than the first, if 
the pulse did not induce abnormal activation in the heart. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of determining a timing parameter for a noi^^citatory, repeatably applied pulse for 
a heart, comprising: 

applying a non-excitatory pulse using a first delay; 

determining if the pulse induces an abnormal activation profile in the heart; and 
repeating applying a non-excitatory pulse using a second delay, longer than the first, if 
the pulse did not induce abnormal activation in Ae heart 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of programmmg a programmable contcoller for a heart, CTmpri singT 

controlling the heart using plurality of non-excitatory electric field sequences; 
determining a response of the heart to each of the sequences; and 
programming the controller responsive to the response of. the heart to the non- 
excitatory sequences. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of controlling an epileptic seizure, comprising: 
detecting an epileptic seizure in brain tissue; and 

applying a non-excitatory electric field to the brain tissue to attenuate conduction of a 
signal in the tissue. 

There is further provided, in accordance with a preferred embodiment of the invention 
a method of controlling nervous signals in periphery nerves, comprising, 
selecting a nerve; and 

applying a non-excitatory electric field to the ncn^e to attenuate conduction of nervous 
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signals in the nerve. • 

There is further provided, in accordance with a preferred embodiment of the invention 

a method of controlling a heart having a chamber comprising: 

applying a non-excitatory electric field to a first portion of a chamber, such that a force 

of contraction of the first portion is lessened; and 

applying a non-excitatory electric field to a second portion of a chamber, such that a 

force of contraction of the second portion is increased. 

beart beat. Alternatively or additionally, the delay is at least 0.5 or I msec, optionally, 3 msec, 
optionally 7 msec and also optionally 30 msec. 

There is further provided in accordance with a preferred embodiment of the invention, 
a method of controlling the heart including determining a desired range of values for at least 
one parameter of cardiac activity and controlling at least a local contractility and a local 
conduction velocity in the heart to maintain the parameter within the desired range. 

Preferably, the parameter responds to the control with a time constant of less than 10 
minutes, alternatively, the parameter responds to the control with a time constant of between 
10 minutes and 6 hours, alternatively, with a time constant of between 6 hours and a day, 
alternatively, with a time constant between a day and a week, alternatively, a time constant of 
between a week and month, alternatively, a time constant of over a mondi. 

There is also provided in accordance with a preferred embodiment of the invention, a 
method of controlling the heart, including determining a desired range of values for at least 
one parameter of cardiac activity, controlling at least a portion of the heart using a non- 
excitatory electric field having at least one characteristic, to maintain the parameter within the 
desired range and changing the at least one characteristic in response to a reduction in a 
reaction of the heart to the electric field Preferably, the characteristic is the strength of the 
electric field Alternatively or additionally, the characteristic is one or more of the duration of 
the electric field its timing, wave form, and frequency. 

In another preferred embodiment of the invention, the apparatus includes a sensor 
which measures a parameter of cardiac activity and a conttolkr which conm>ls the 
electrification of the electrodes to minntmn the parameter within a range of values. Preferably, 
the apparatus includes a memory whidi stores a map of electrical activity in the heart, wherein 
the controller uses the map to determine a desired electrificatioiL Alternatively or additionally, 
the apparatus includes a memory which stores a model of electrical activity in the heart, 
wherein the controller uses the model to determine a desired electrificatiorL 

There is also provided in accordance with a preferred embodiment of the invention, a 
method of controlling an epileptic seizure, including detecting an epileptic seizure in brain 
tissue and applying a non-excitatory electric field to the brain tissue to attenuate conduction of 
a signal in the tissue. 



The present invention will be more clearly understood from the detailed descripnon of 



BRIEF DESCRIPTION OF THE DRAWINGS 
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the preferred embodiments and fiom the attached drawings-in which: 

Fig. 1 A is a schematic graph of a typical cardiac muscle action potential; 

Fig. IB is a schematic model of a cardiac muscle cell in an electrical field; 

Fig. 2 is a schematic diagram of a heart havmg segments controlled in accordance with 
embodiments of the present invention; 

Fig. 3 is a schematic diagram of a segment of right atrial tissue with a plurality of 
conduction pathways, illustrating the use of fences, in accordance with a preferred 
embodiment of the present invention; 

Fig. 4A is a schematic diagram of an electrical controUer connected to a segment of 
cardiac muscle, in accordance with a preferred embodiment of the invention; 

Fig. 4B is a schematic diagram of an electrical controller connected to a segment of 
cardiac muscle, in accordance with a preferred embodiment of the invention; 

Fig. 5 is a schematic diagram of an experimental setup used for testing the feasibility of 
some embodiments of the present invention; 

Figs. 6A-6C are graphs showing the results of various experiments; 

Fig. 7A is a gr^h summarizing results of experimentation on an isolated segment of 
cardiac muscle fibers, and showing the eflfect of a delay m applying a pulse m accordance with 
an embodiment of the invention, on the increase in contractile force; 

Fig. 7B is a graph summarizing results of ejqjerimentation on an isolated segment of 
cardiac muscle fibers, and showing the efiBxt of a duration of the pulse on the increase in 
contractile force; 

Fig. 7C is a gr^h summarizing resuhs of experimentation on an isolated segment of 
cardiac muscle fibers, and showing the effect of a cunrent intensity of the pulse on the increase 
in ccmtractile force; 

Fig. 8A is a graph showing the effect of a controlling current on a heart rate, in 
accordance with a preferred embodiment of die invention; 

Fig. 8B is a series of gapbs showing the rqieatability of increasing contractility in 
various types of cardiac muscles, in accordance with a preferred embodiment of the invention; 

Figs. 9-18B are each a series of graphs showing experimental results from experiments 
in which an isolated rabbit heart was controlled in accordance with an embodiment of the 
present invention; and 

Figs. 19-23 are each a series of gr^hs showing experimental results, from experiments 
in which an in-vivo rabbit heart was controlled in accordance with an embodiment of the 
present invention. 

DETAILED DESCRIFnON OF THE PREFERRED EMBODIMENTS 
One aspect of the present invention relates to conttolling and/or modulating the 
contractility of a cardiac muscle segment and/or the plateau duration of an action potential of 
the caniiac muscle segment, by applying an electric fiel<l or current across the segment As 
used herein, the terms, voltage, electric field and current are used interchangeably to refer to 
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the act of supplying a non-excitatory signal to control C2gdiac activity. The acnial method of 
applying the signal is described in more detail below. 

Fig. IB shows a schematic model illustrating one possible explanation for the relation 
between an applied voltage and a resulting plateau duration. A cell 20, having a membrane 26, 
S suiTounded by extra-cellular fluid 28, is located in an electrical field generated by an electrode 
22 and an electrode 24. Cell 20 has a -40 mV internal potential across membrane 26, electrode 
22 has a potential of 40 mV and electrode 24 is grounded (to the rest of the body). During the 
action potential plateau, calcium ions enter the cell and potassium ions leave the cell through 
different membrane proteins. In this model, the external electric field caused by the voltage on 
10 the electrodes increases the potential of extra-cellular fluid 28. This reduces the outward 
movement of potassium ions from inside cell 20 and/or forces calcium ions into cell 20, either 
by changing the membrane potential, thus changing the electrochemical driving force of ions 
from both sides of the membrane or by dianging the number of ionic chazmels being opened or 
closed. 

IS In an additional or alternative model, the electric field generated by electrodes 22 and 

^ 24 causes an ionic flow between them. This flow is carried mainly by chlorine and potassium 

O ions, since these are the ions to which membrane 26 is permeable, however, calcimn ions may 

also be affected. In this model calcium ions are drawn into cell 20 by the current while 
.^1 potassium tons are removed. Ahemabvely or additionally, sodium ions are removed instead of . 

^! 20 potassium ions. In any case, the additional calcium ions in the cell increase the contractihty of 

[f; cell 20 and are believed to extend the plateau duratioiL 

J Another additional or alternative model is that the electric field and/or the ionic current 

M< afifect the opening and closing of voltage«gated chaimels (sodium, potassium and sodium- 

^1 calcium). Further, the field may affect tfie operation of ionic pumps. One possible mechanism 

25 for this effect is thai the applied electric field generates local *liot spots'* of high electrical 
fields in the cell membrane, which hot spots can affect the opening and closing of ionic 
channeb and/or pumps. Since creation of the hot spots is generally asynmietric with respect to 
the cell and since the channels them:>elvcs have an asymmetric bdiavior with respect to 
applied fields, more channels may be opened at one end of the cell dian at the other. If^ for 
30 example, more chaimels open at the negative end of the cell than at the positive end of the cell, 
the inflow of calcium ions will be greater than the outflow of these ions. 

In accordance with yet another model, the controlling electric field increases the 
concentration of calcium in mtracellular stores, which mcreased concentration may cause 
mcreased and/or faster supply of calcium during contraction, incrcasmg the contractile force. 
35 Alternatively or additionally, the controlling electric field may directly affect the rate at which 
calcium is made available fcom the intracellular store, during contraction of the cell. Also, it 
may be that the controlling electric field directly increases the efficiency of the inflow of 
calcium, which catises an increase in the availability of calcium fcom the intracellular stores. It 
should be noted that m some physiological models of myocyte contraction, it is the rate of 
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calcium flow which detennines the contractility, nuhcr than the total amount of calcium. 

Different types of ionic channels and pumps have different operating characteristics 
These characteristics include rates of flow, opening and closing rates, triggering voltage levels 
priming and dependency on other ions for operating. It is thus possible to select a particula^ 
type of ionic channel by applying a particular strength of electric field, which strength also 
depends on whether the channels are open or closed at that moment, i.e., on the 
depolarization/^larization phase of the cell. Different attributes of cellular activity may be 
controUed by controlling the ionic channels in this manner, since the activity of excitable 
tissues are weU dctcnnined by their transmembrane potential and the concentrations of various 
types of ions inside and outside the cdL 

Another model is that applying a non-excitatoiy electric fields induces the release of 
catecholamines (from nerve endings) at the treated portion of the heart. Another possibihty is 
that the appUed field facihtates the absorption of existing catecholamines by the cell. 

Another, "recruitment-, model, hypothesizes that the non-excitatory pulse recruits 
cardiac muscle fibers which are otherwise not stimulated by the activation signal. The non- 
excitatory pulse may work by lowering their depolarization threshold or by supplying a higher 
strength activation signal than is normal. However, it is generally accepted that cardiac muscle 
fibers function as a syncytium such that each cell contracts at each beat See for example. 
"Excitation Contraction Coupling and Cardiac Contractile Force", by Donald M. Bets. Chaptc^ 
2. page 17. Kluwer Academic, 1991. 

Most probably, one or more of these models may be used to explain the activity of cell 
20 during different parts of the activation cycle. However, several major effects, including, 
increasing conttactility, changing the sdf-activation rate, rescheduling of the repolarization, 
extension of plateau duration, hypetpolarization of cells, changing of membrane potential, 
changing of conduction velocity and mactivation of cells using electric fields, can be effected 
without knowing which model, if any. is correct 

As can be appreciated, the direction of the electric fidd may be impoitanL First, 
conduction in cardiac cells is very anisotioi»c. Second, the distribution of local irregularities in 
the cell membrane is not equal, rather, irregularities are more common at ends of the cell; in 
addition, one ceU end is usually more inegular than the other cell end. These irregularities 
govern the creation of local high electric fields which might affect ionic channels. Third, some 
cardiac structures, such as papillary muscles, are better adapted to conduct an activation'signal 
in one direction than in an opposite direction. Fourth, there exist rhythmic depolarization 
signals originating in the natural conductive system of the heart which are caused by Ac 
dqjohirization and repolarization of the heart muscle Ussue itself. These signals may interfere 
with an externally applied electric field. 

In one preferred embodiment of the invention, the purpose of a particular electric field 
is to induce an ionic current which is opposite to an ionic current induced by the voltage 
potential caused by the rfiythmic depolarization of the heart For example, the action potential 
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plateau duration in cardiac muscle cells further from the earliest activation location is typically 
shorter than the duration of those cells nearer the earliest activation location. This shortening 
may result from different local ionic currents caused by the depolarization and lepolarization 
of the heart and/or by different ionic current kinetics behavior at these locations. These ionic 
5 currents can be negated by flying an electric field of an equal magnitude and opposite 
direction to the field generated by the liiythmic depolarization. 

Fig. 2 shows a heart 30 which is controlled using an electrical controller 32. A 
segment 38 of the right atrium is a controlled segment In one preferred embodiment of the 
invention, the casing of controller 32 is one electrode and an electrode 36 is a second electrode 
10 for applying an electric field to segment 38. In another preferred embodiment of the invention, 
a second electrode 34 is used instead of the casing of controller 32. In a fiirthcr prcfened 
embodiment of the invention^ the body of controller 32 is a ground, so that both electrode 34 
and electrode 36 can be positive or negative relative to the rest of the heart. In another 
embodiment, electrode 34 is not directly connected to heart 30, rather, electrode 34 is floating 
15 inside the heart. In this cmbodnncnt, electrode 34 is preferably the current drain electrode. For 
illustrative purposes, controller 32 is shown including a power siqjply 31, leads 29 A and 29B 
connecting the controller to the electrodes and a microprocessor 33 which controls the 
electrification of the electrodes. 
.^1 In an alternative embodiment, also shown in Fig. 2, the electric field is applied along 

W 20 die hcan wall, rather than across it A segment 35 of the left ventricle is shown to be controlled 

ijl by two electrodes 37 operated by a controller 39. Electrodes 37 may be placed on the surface 

s of heart 30, alternatively, electrodes- 37 may be inserted into the heart muscle. Further 

M; alternatively, the electrodes may be placed in blood vessels or in other body tissues which are 

outside of the heart, providing that dectri^dng the electrodes will provide a field or current to 
25 at least a portion of the heart It should be noted that, since the control is synchronized to the 
U cardiac cycle, even if the electrodes are outside the heart, there is substantially no change in 

position of tte heart between sequential heart beats, so substantially the same portion of the 
heart will be affected each cardiac cycle, even if the electrodes are not mechanically coupled to 
the heart 

30 It another alternative embodiment of the invention, more than one pair of electrodes is 

used to control segment 35. In such an embodiment, each pair of electrodes may be located 
differently with respect to segment 35, for example, one pair of electrodes may be placed on 
the epicardium and a second pair placed inside the myocardium. 

It should be appreciated that a current induced between the electrodes may cause 
35 electrolytic deposition on the electrodes over a period of time and/or may cause adverse 
physiological reactions in the tissue. To counteract this effect, in a preferred embodiment of 
the invention, the electric field is an AC electric field. In one preferred embodiment, the 
direction of the field is switched at a relatively low frequency, equal to or lower than the 
cardiac cycle rate. Preferably, the phase is inverted during a particular phase of the cardiac 
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cycle, for example, during diastole. In anctfacr prcfarcd embodiment of the iilvcntion, the 
electric field has a frequency which is significantly higher than the cardiac cycle frequency. 

Fast sodium channels, once inactivated require a cenain amount of time at a negative 
potential to become ready for acrivaiion. As described, for example, in "Ionic Channels of 
Excitable Mcmbranes^ Bcrtil Hille, chapter 2, pp. 4(M5, Sinaur Associates Inc., the 
disclosure of which is incorporated herein by reference. Since most sodium channels are nox 
activated immediately at the aisct of depolarization, applying a voltage ar a hi^ enough 
frequency can open the few c hamiris that do react quickly to potential changes, while most of 
the channels will become inactivated and will not leave the inactivation stage. Thus, if the 
frequency of the field is high cnourii, certain ionic channels can be kept closed even thoush 
the average voltage is zero, wiOi the result ^ the stimulated tissue is non^exatatory. 

In accordance wifli another preferred embodiment of flic invention, an AC field is 
ovCTlaid on a DC field for controlling the heart. For example, an AC field having a anq)limde 
of 20% that of Ae DC field and a firquency of 1 IcHr ma)* be used. Such an AC/DC 
controlling field has the advantage that ihe change in the applied field is hi^er, so that any 
reactions (on the part of the muscle ccH) to changes in the field are fedhiared, as are any 
reactions ro the intensity of the field. The AC field in a combined AC/DC field or in a pure AC 
type field may have a ten^oral form of a sawtooth, a sinusoid or another form, such as an 
exponential or square wave pulse form. 

In a DC type field, tiic temporal form of the field is preferably that of a constant 
an^Htude pulse. However, in other embodiment of the invention, a triangular pulse, an 
exponential pulse, a ramp shaped pulse (increasing or decreasing), and/or a biphasic pulse 
form may be used. 

Ba& AC and DC fields may be unipolar or bipolar. The terms AC and DC» as used 
heron to describe the electric fidd, relate to &e number of cycles in apulse. ADC filed has at 
most one qrcle, while an AC field may comprise many cycles, in othty pi e feii e d embodiments 
of tiie invermorw a train of pulses m^ be i^Iied, each train being of an AC or of aDC type. 

Various types of iazdc electrodes, such as Ag*AgG eleeirodes, platxmm electrodes, 
titsniian electrodes wilfa mfftrngr such as nitcides and carbides, coated tawtaitrm electrodes, 
pyrocarbon eleetrodes or carbon electrodes may be used. Tbese dectrodes generally reduce the 
amount of clectro-depositiorL The electrodes may be square, rectangular, or of any other 
suitable shape and may be attached by screwing the electrode into tiie myocardium or by 
clamping or by odicr attachment medxids. 

There arc two prefetrcd methods of delivering an electric field to a segment of \hz 
heart. In a first mcfliod, a current is forced toou^ ihe segment of the heart which is to be 
controlled. Preferably, the current is a constant DC curreoL However, an AC current, as 
described above may also be used. In a second method, an electric field is applied across Xhc 
heart (and maintained at a constant strength relative to the signal jfrom). Generally, applying an 
electric field is easier and requires less power Aan inducing a current. 
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The timing of the application of the electric fiejd (or current) relative to the local 
activity at segment 38 and relative to the entire cardiac cycle is important In general, the 
2q)plication of the field may be synchronized to the local activation time if a local effect is 
desired, such as increasing the local contractility and/or plateau duration. The application of 
5 the field may be synchronized to the cardiac cycle in cases where a global effect is desired. For 
example, by hyperpolarizing cells in synchrony with the caxxiiac cycle it is possible to time 
their excitability window such that certain arrhythmias are prevented, as described in greater 
detail below. The application of the field may also be synchronized in accordance with a 
model of how the hean should be activated, in order to change the activation profile of the 
10 heart For example, to mcrease the output of the heart, conduction velocities and/or conduction 
pathways may be controlled so that the heart contracts in a sequence deemed to be more 
optimal than a natural sequence. In partictiiar, by controlling the conduction velocity at the AV 
node and/or at tiie left and right branches tiie AV interval may be increased or reduced. It 
should however be appreciated that the difference in activation times between different parts of 
15 the heart, especially in die same diamber of the heart, is usually quite small. For example, the 
propagation time of an activation signal hi the left ventricle is approximately between 15 and 
p SO msec. If the control function may be achieved even if the timing of the application of the 

O controlling field is locally off by 5 or 10 msec, then the control function can be achieved using 

.J a single pan: of controlling electrodes. 

6Ci 20 Althou^ it is usually simplest to detennine the local activation using a measured 

^: electrical activation tune, it should be qipreciated that the local activation of a tissue segment 

may be determined based on changes in mechanical activity, changes in position, velocity of 
N' motion, acceleration and even transmembrane potentials. Furtiier, since in diseased tissue thie 

^ delay between electrical activation and mechanical activation may be longer than in healthy 

y 25 tissue, the timing of the qsplication of the field is prefiaably relative to the mechanical 

Ci activation of the muscle. 

^' In a prefenred embodiment of the invention , the timing of the field is relative to the 

actual transmembrane potentials in the segments, not tiiose which may be estimated fiom the 
electrogram and/or the mechanical Thus, initiation of the field may be timed to tiie onset of 
30 the plateau to mcrease contractility. Alternatively, application of the field may be timed to 
specific transmembrane voltage levels. Further preferably, the strength and/or other parameters 
of the field, may be determined responsive to the actual transmembrane potentials and ionic 
concentrations achieved in cells of the segment One way of determining the actual voltage 
levels is to inject a voltage sensitive dye into the cell and monitor it using an optical sensor, 
35 such as known in the ait in experimental settings. One way of monitoring ionic concentrations, 
lx)th intracellular and extracellular is by using concentration sensitive dyes. 

If an electric field is applied before the activation signal reaches segment 38, the 
electric field can be used to reduce the sensitivity of segment 38 to the activation signal. One 
method of pioducing this effect is to apply a large electric field opposite to the direction of the 
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activation signal and synchronized to it This field will reduce the amplitude of the activation 
signal, so that it cannot excite cardiac tissue. Another method is to apply a strong positive 
potential on segment 38 before an activation signal reaches it, so that segment 38 is 
hyperpolarizcd and not sensitive to the activation signal. Removing the electric field does not 
immediately reverse this effect Segment 38 stays mscnsitive for a short period of time and for 
a further period of time, the conduction velocity in segment 38 is reduced. In some cases 
however, removing the electric field will cause an action potential to occur. This action 
potential can be timed so that it occurs during a safe period with respect to the activation 
profile of the heart, so that if the segment generates an activation signal, this signal will not be 
propagated to other parts of the heart In some cases, the application of the field may affect the 
reactivity of the cells to the electrical potential rather and, m odiers, it may extend the 
rcfiactory period. It should be noted that an electric field applied shortly after activation may 
also extend tiie refractory period, in addition to increasing the force of ccmtractioxL 

It should be noted that, since the cardiac cycle is substantially rqx>rted, a delay before 
the activation time and a delay after the activation time may both be embodied using a system 
which delays after the activation time. For example, a field which should be ^plicd 20 msec 
before the activation time, may be applied instead 680 msec after (assuming the cycle length is 
700 msec). 

Other i^lications of electric fields can increase the conduction velocity, especially 
^ere the conduction velocity is low as a result of tissue damage. Another method of 
contxDlling conduction is to apply an electric field similar to that used for defibrillation. When 
i^lied dtiring the repolarization period of these cells, this type of electric field delays the 
repolarization. During this delayed/extended repolarization the cells are non-excitable. It 
should be zpprodBtcd that if this ^^defibrillation field" is applied using the techniques desoibed 
herein (small, local and synchronized to a local activation time) the heart itself will not be 
defibrillated by the electric field. In one preferred embodiment of tiie invention, a locally 
defibrillated portion of the heart is isolated, by fences, bom the rest of the heart 

Fig. 3 illuminates one use of extending the refiractory periods of cardiac tissue. 
Segment 40 is a portion of a right atrium. An activation signal normally propagates fimn an 
SA node 42 to an AV node 44. Several competing pathways, marked 46A-46D, may exist 
between S A node 42 and AV node 44, however, in healthy tissue, only one signal reaches AV 
node 44 within its excitability window. In diseased tissue, several signals which have traveled 
in different paths may seriaDy excite AV node 44 even though they originated from the same 
action potential in the SA node. Further, in atrial fibrillation, the entire right atrium may have 
random signals running through it In a preferred embodiment of the invention, electric fields 
arc applied to a plurality of regions which act as "fences" 48A and 48B. These fences arc non- 
conducting to activation signals during a particular, predetermined critical time, depending on 
the activation time of the electric fields. Thus, the activation signal is fenced in between SA 
node 42 and AV node 44. It is known- to perforai a surgical procedure with a similar effect (the 
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"maze" procedure), however, in the surgical procedure, many portions of the right atrium need 
to be ablated to produce permanent insulating regions (fences). In the present embodiment of 
the invention, at least portions offences 48A and 48B may be deactivated after the activation 
signal has passed, so that the atrium can contract properly. 
S In a p r e f erred embodiment of the invention, a fence is ^lied using a linear anay of 

bipolar electrodes. In another preferred embodiment of the invention, a fence is applied using 
two (slightly) spaced apart elongate wire electrodes of opposite polarity. Preferably, portions 
of the wire electrodes are isolated, such as segments 0.5 cm long being isolated and segments 
0.5 cm long being exposed. 
10 Still another preferred embodiment of the invention relates to treating ventricular 

fibrillation (VF). In VF, a ventricle is activated by more than one activation signal, which do 
not activate the ventricle in an orderly fashion. Rather, each segment of the ventricle is 
randomly activated asynchronously witii the other segments of the ventricle and 
asynchronously with the cardiac cycle. As a result, no pumping action is achieved. In a 
15 prefeired embodiment of the invention, a plurality of electrical fences are applied in the 
M: affected ventricle to damp the fibrillations. In general, by changing the window during which 

segments of the ventricle are sensitive to activation, a fibrillation causing activation signal can 
be blocked, without affecting the natural contraction of the ventricle. In one embodiment of the 
invention, the fences are used to channel the activation signals along correct pathways, for 
K| 20 example, only loiigitudinal pathways. Thus, activation signals cannot move in transverse 

. - direotion and transvisrse activation signals will quickly fade away, harmlessly. Healthy 
s activation signals fircm &e AV node will not be adversely affected by the fences. Alternatively 

or additionally; fences are generated in synchrony with the activation signal fit>m the AV node, 
so that fibrillation causing activarim signals are blocked. Further alternatively, entire segments 
U 25 of the ventricle are desensitized to the activation signals by applying a positive potential to 

those segments deemed sensitive to fibcillatiozL 

Dividing the heart into imwlatrd segments using fences is usefiil for treating many 
types of arrhythmias. As used herein, the term insulated means that conduction of the 
activation signal is blocked or slowed down or otherwise greatly reduced by deactivating 
30 portions of the heart conduction system. For example, many types of ventricular tachycardia 
(VT) and premature beats in the heart are caused by local segments of tissue which generate a 
pacing signal. These segments can be insulated fiom other segments of the heart so that only a 
small, local segment is affected by the irregular pacing. Alternatively, these diseased segments 
can be desensitized using an electric field, so that they do not generate incorrect activation 
35 signals at all. 

Premature beats are usually caused by an oversensitive segment of the heart. By 
applying a local electric field to the segment, the sensitivity of the segment can be controlled 
and brought to similar levels as the rest of the heart, solving the major cause of premature 
beats. This technique is also applicable to insensitive tissues, which are sensitized by the 
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application of a lotal electric field so that they become as Sensitive as surrounding tissues 

It should be appreciated that it is not necessary to know the exact geometrical origin of 
an anhytfamia to treat it using the above described methods. Rather, entire segments of the 
heart can be desensitized in synchrony with the cardiac cycle so that Aey do not react before 
the true activation signal reaches them. Further, the heart can be divided into isolated segments 
or fenced in without mapping the electrical system of the heart. For example, electrodes can be 
inserted in the coronary vessels to create fences in the heart. These fences can block most if 
not all of the irregular activatioti signals in the heart and stiU aUow "correct" activation signals 
to propagate by synchronizing the generation of these fences to the "correct" cardiac activation 
profile. Alternatively or additionaUy. each isohited segment is paced with an individual 
electrode. Alternatively, an array of electrodes may be imphmted surrounding the heart so that 
it is possible to individually control substantiaUy any local portion thereof. 

In an additional preferred embodiment of the present invention, segments of the heart 
are continuously controUed using an electric field, so that their membrane potential at rest is 
below -60 mV. Below this level, the voltagc-gatcd sodium channels cannot be opened by an 
activation signaL It is not usually possible to clamp all of the cells in a tissue segment to this 
voltage, so some of the cells in die tissue wiU typically be excitable. However, it is known that 
hyperpolarization causes depletion of potassium ions in the cxtraceUular spaces surrounding 
individual cardiac rauscle.ceUs, which will cause a general reduction in the excitability of all 
the cells which share the same cxtracelhilar spaces. As described, for example, in "K+ 
Fluctuations in the ExtraceUular Spaces of Cardiac Muscle: Evidence ftom the Voltage Clamp 
and Extracellular K+ - Selective Mrooelectrodes". Cohen I and Kline R, Cmnilarinn P^^^r^h 
Vol. 50, No. I, pp. 1-16, January 1982, the disclosure of which is mcorporated herein by 
reference. Thus, the reaction of the segments of the heart to an activation signal is reduced, has 
a longer deUy and the pn>pagation velocity in those segments is significantly reduced. OUier 
resting potentials may affect the openmg of other voltage-gated channels m the cell. 

Another preferred embodiment of tbc invention relates to cardiac surgery. In mar^ 
instances it is desirable to stop the pumping action of the heart for a few seconds or minutes 
necessary to con^lete a suture or a cut or to operate on an aneurysm. Current practice is not 
very flexible. In one method, the heart is bypassed with a heart-hmg machine and the heart 
itself is stopped for a long period of time. This process is not healthy for the patient as a whole 
or for the heart itself and. often, serious post-operative complications appear. In another 
method, the heart is cooled down to reduce its oxygen consumption and it is then stopped for a 
(non-extendible) period of a few minutes. The period is non-extendible in part since during the 
stoppage of the heart the entire body is deprived of oxygen. In these methods, the heart is 
usually Slopped using a cardioplesic solution. In a third method fibrillation is induced m the 
heart However, fibrillation is known to cause ischemia, due to the greatly increased oxygen 
demand during fibrillation and the blockage of blood flow in the coronary arteries by the 
contraction of the heart muscle. Ischemia can irreversibly damage the heart. 

38 



V/O91/0^ 4^ PCTAL97/00012 

Cessation- or reduction of the pumping activity gf the heart may be achieved using 
methods described herein, for example, fencing. Thus, in a preferred embodiment of the 
invention, the pumping action of the heart is maxicedly reduced using techniques described 
herein, repeatedly and reversibly, for short periods of time. It should be appreciated that due to 
S the simplicity of application and easy reversibihty, stopping the heart using electrical control is 
more flexible than currently practiced methods. Electrical control is especially useful in 
conjimction with endoscopic heart surgery and endoscopic bypass surgery, where it is 
desirable to reduce the motion of small segments of the heart 

Another preferred embodiment of the present invention relates to treating ischemic 
10 portions of the heart Ischemic portions, which may be automatically identified from their 
injury currents using locally implanted sensors or by other electro-physiological 
characterization, may be desensitized or blocked to the activation signal of the heart. Thus^ the 
ischemic cells are not required to perform work and may be able to heal. 

U.S. provisional plication 60/009,769 titled "Cardiac Electromechanics", filed on 
15 January 11, 1996, by Shlomo Bea-Haim and Maier Fenster, and its corresponding Israeli 
patent plication No. 116,699 titled "Cardiac Electromechanics", filed on January 8, 1996 by 
applicant Biosense Ltd., the disclosures of which are incorporated herein by reference, 
describe mediods of cardiac modeling and heart optimizatiorL In cardiac modeling, the 
distribution of muscle mass in the heart is changed by changing ttie workload of segments of 
^ 2C the heart or by changing the plateau duration of action potentials at segments of Ae heart. 

These changes may be achieved by changing the activation profile of the heart Plateau 
duration can be readily controlled using methods as desafted heremabove. Further, by 
controlling the conduction pathways in the heart, according to methods of the present 
invention, the entire activation profile of the heart can be affected. In cardiac optimization as 
25 described in these plications, the activation profile of the heart is changed so that global 
p parameters of cardiac output are increased. Alternatively, local physiological values, such as 

stress, arc redistributed to relieve high-stress locations in the heart In a preferred embodiment 
of the present invention, the activaticc profile may be usefully changed using methods as 
described hereinabove. 

30 In order to best implement many embodiments of the present invention, it is useful to 

first generate an electrical, geometrical or mechanical map of the heart U.S. Patent 
Application No. 08/595,365 titled "Cardiac Electromechanics", filed on February 1, 1996, by 
Shlomo Ben-Haim, and two PCT applications filed in Israel, on even date as the instant 
application, by applicant "Biosense" and tided "Cardiac Electromechanics" and "Mapping 

35 Catheter", the disclosures of which are incorporated herein by reference, describe maps and. 
methods and means for generating such maps. One particular map which is of interest is a 
viability map, in which the viability of different segments of heart tissue is mapped so as to 
identify hibernating and/or ischemic tissue. U.S. Patent 5,391,199, U.S. Patent application No. 
08/293,859, filed on August 19. 1994, titled "Means and Method for Remote Object Position 
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and Orientation Detection System" and PCX Patent appUcation US95/01 103, now published as 
WO96/05768 on Febniaiy 29. 1996, the disclosures of which arc incorporated herein by 
reference, describe position sensing means suitable for mounting on a catheter which is 
especially useful for generating such maps. Such position sensing means may also be useful 
for correctly placing electrodes in the heart if the electrodes are fanplanted using minimally 
invasive techniques such as those using endoscopes, tfaroactoscopes and cadieteis. 

In one prefeired enxbodiment of Chc invendoo, a map of die heart is used to determine 
which portions of the heart are viable, and tiius, can be controlled to mcrease ifae cardiac 
ou^ut Preferably, the entire activation profile of the heart is taken into account when 
determining to which portions of the heart a controlling field should be applied, to maximize a 
parameter of cardiac output The activation profile may also determine the tinting of the 
application of the field A perfusion map may be used to access the blood flow to various 
portions of the heart It is to be expected that increasing die contractility of a segment of heart 
muscle also increases the oxygen demand of that segment. Therefore, it is desirable to increase 
the contractility only of those segments which have a suflBcicnt blood flow. Possibly, the 
oxygen demands of other segments of the heart is reduced by proper controlling of the 
activation sequence of the heart 

Alternatively or additionally to mapping die perfiision and/or viability of the heart, the 
onset of controlling the heart may be performed gradually. Thus, the cardiac blood supply has 
time to adapt to the increased demand (if any) and to changes in supply patterns* In addition, 
the increase in demand wiU not be acute, so no acute problems (such as a heart attack) are to 
be expected as a result of the controlling. In one embodiment, the controlling is applied, at 
first, only eveiy few heart beats, and later, every heart beat Additionally or alternatively, the 
duration of a controlling pulse is gradually increased over a long period of time, such as 
several weeks. Additionally or alternatively, dififerent segments are controlled for different 
heart beats, to spread the increased demand over a larger portion of the heart 

In an alternative prefeired enibodiment of the invention, the contractility of the heart is 
controlled only during the day and not during the night, as the cardiac demand during the day 
time is typically greater tiian during the night Alternatively or additionally, the controller is 
used for a short time, such as IS nunutes, in the morning, to aid the patient in getting up. 
Alternatively or additionally, a controlling electric field is ^lied only otice every number of 
beats (day and/or night). Further alternatively, the heart is controlled for a short period of time 
following an acute ischemic event, until the heart recovers fium the shock. One preferred 
controlling method which may be applied afler a heart attack relates to preventing arriiythmias. 
Another prefeired controlling is desensitizing infarcted tissue or reducing the contractility of 
such tissue or electrically isolating such tissue so as to reduce its oxygen demands and mcrease 
its chance of healing. 

One benefit of many embodiments of the present invention, is that they can be 
implemented without making any structural or other pennanent changes in the conduction 
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system of the heart. Further, many embodiments may b^jised in conjunction with an existing 
pacemaker or in conjunction with drug therapy which affects the electrical conduction in the 
heart In addition, different controlling schemes may be simultaneously practiced together, for 
example, controlling the heart rate and increasing contractility in the left ventricle. 
5 It must be appreciated however, that, by changing the activation profile of the heart, 

some changes may be e£fected on the structure of the heart. For example, cardiac modeling, as 
described above, may result fiom activation profile changes, over time. 

Fig. 4A is a schematic diagram of an electrical controller 50, in operation, in 
accordance with a preferred embodiment of the inventioiL A muscle segment 56, which is 
10 controlled by controller 50, is preferably electrified by at least one electrode 52 and preferably 
by a second electrode 54. Electrode 54 may be electrically floating. A sensor 58 may be used 
to determine the local activation time of segment 56, as an input to the controller, such as for 
riming the electrification of the electrodes. Other additional or alternative local and/or global 
cardiac parameters may also be used for determining the electrification of the electrodes. For 
15 example, the electrode(s) may be used to sense the local electrical activity, as well known in 
1^ the art Alternatively, sensor 58 is located near the SA node for determining the start of the 

Q cardiac xiiythm. Alternatively, sensor 58 is used to sense the mechanical activity of segment 

56, of other segments of the heart or for sensing the cardiac output Cardiac ou^ut may be 
determined using a pressure sensor or a flow meter implanted in the aorta. In preferred 
SCI 20 embodiment of the invention, sensor 58 senses the electrical state of the heart, controller 50 

determines a state of fibrillation and dectiifies electrodes 52 and 54 accordingly. 

Sensor 58 may be used for precise timing of the electrification of electrodes 52 and 54. 
One danger of incorrect electrification of the electrodes is that if the electrodes are electrified 
before an activation fiont reaches segment 56, the electrification may induce fibrillation. In a 
iT\ 25 preferred embodiment of the invention, sensor 58 is placed between electrodes 52 and 54 so 

rshi 

Q that an average activation time of tissue at the two electrodes is sensed. It should be 

q>preciated that the precise timing of the electrification depends on the propagation direction 
of the activation front in the heart Thus, if tissues at electrodes 52 and 54 are activated 
substantially simultaneously, tiie controlling field can be timed to be applied shortly thereafter. 
30 However, if tissue at one electrode is activated before tissue at the other electrode, the delay 
time in electrifying the electrodes must be longer. Thus, the optimal delay time in electrifying 
an electrode after the local activation time is dependent, among other things, on the orientation 
of the electrodes relative to the activation front The conduction velocity of the activation from 
is affected in a substantial manner by Ae orientation of the cardiac muscle fibers. Thus, the 
35 orientation of the electrodes relative to tiie muscle fiber direction also has an effect on the 
optimal delay time. 

In another preferred embodiment of the invention, local activation time (and 
electrification of electrodes 52 and 54) is estimated, based on a known propagation time of the 
activation signal. For example, if sensor 58 is placed in the right atrium, a delay of about 120 
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msec may be expcbtcd between the sensing of an activation signal at sensor 58 and the arrival 
of the activation signal at electrodes 52 and 54. Such delays can also be estimated. Within a 
single chamber, for example, it takes about 30-50 msec for the activation fiont to cover all the 
left ventricle. A sensor 58 may be placed at a location in the left ventricle which is excited 
relatively early by the activation signal. In a prcfeired embodiment of the invention, activation 
propagation times between implanted sensors and electrodes are measured in at least one heart 
activation profile (such as at a resting heart rate) and are used to estimate a desired delay in 
electrification of electrodes. It should be appreciated that, in diseased hearts, local conduction 
velocity may change substantially in time, thus, learning of and adaptation to the changes in 
local activation are a desirable characteristic of controUer 50. In a preferred embodiment of 
the invention, a particuhar state of anfaytfamia (or activation profile) is deteimined based on a 
parameter of the ECG, such as the morphology and/or the finequcncy spectrum of either an 
external or an internal ECG. Controller 50 detennines the controUing profile based on the 
detennined state. In particular, delay times, as described herein, may be associated with states, 
so that the exact delay time for the activation may be decided in real-time for each state of 
arrhythmia. Preferably, the delay times are precalculatcd and/or are determined during a 
learning state of controller. 50, in which stage, an optimal delay time is detennined for a 
particular activation state and stored in association therewith. 

Sensor 58 may be placed on the epicardium, on the endocardium or, in a preferred 
embodiment of the invention, sensor 58 is mserted into tiie tnyocatxiium. 

Fig. 4B shows an alternative embodiment of the invention, wherein a heart segment 55 
is controUed by a pluraUty of electrodes 59 which are connected to a controUer 57. The use of 
many electrodes enables greater control of both spatial and temporal characteristics of the 
appUcd electric field. In one example, each one of electrodes 59 is used to determine its local 
activation. ControUer 57 individually electrifies electrodes 59 according to the determined 
activation. Preferably, the electrodes are activated in pairs, with current flowing between a pair 
of dectrodes ^ose local activation time is known. 

Different embodiments of tfie present invention wiU typically require different 
placement of the control electrodes. For example, some embodiments require a large area 
electrode, for applying an electtic field to a large portion of the heart In this case, a net type 
electrode may be suitable. Alternatively, a large flat electrode may be placed against the 
outside of the heart Other embodiments require long electrodes, for exanq)le, for generating 
fences. In this case, wires are preferably implanted in the heart, paraUel to the wall of the heart 
Optionally, the electrodes may be placed in the coronary vessels outside the heart In some 
aspects of the invention electrodes are placed so that the field generated between the electrodes 
is parallel to the direction in which activation ftonts normally propagate in the heart, in others, 
the field is perpendicular to such pathways. 

In one preferred embodiment of the invention, a pacemaker is provided which 
increases the cardiac output A pacemaker activation pulse is usuaUy a single pulse of a given 

42 



PCTAL97/000I2 

duration, about 2 msec in an internal pacemaker and about 40 msec in an extemal«pacemaker. 
In accordance with a preferred embodiment of the invention, a pacemaker generates a double 
pulse to excite the heart A first portion of the pulse may be a stimulation pulse as known m 
the art, for example, 2 mA (milliampcres) constant current for 2 msec, A second portion of the 
S pulse is a pulse as described herein, for example, several tens of msec long and at a short delay 
after the first portion of the pacemaker pulse. Alternatively, a very long stimulation pulse may 
be used This type of pacemaker preferably uses two unipolar electrodes, one at the apex of the 
heart and one at the top of the left ventricle (or the right ventricle if it the right ventricular 
activity is to be increased). 
10 In a preferred embodiment of the invention, a controller is implanted into a patient in 

which a pacemaker is akcady implanted. The controller is preferably synchronized to the 
pacemaker by coimecting leads from the controller to the pacemaker, by sensors of the 
controller which sense the electrification of the pacemaker electrodes and/or by programming 
of the controller and/or the pacemaker. 
15 In a preferred embodiment of the invention, the pacemaker adapts to the physiological 

state of the body in which it is installed by changing the heart's activity responsive to the 
physiological state. The pacemaker can sense the state of die body using one or more of a 
variety of physiological sensors which are known in the art, including, pH sensors, p02 
sensors, pC02 sensors, blood-flow sensors, acceleration sensors, respiration sensors and 
20 pressure sensors. For example, tiie pacemaker can increase the flow from the heart in response 
to an increase in pC02. Since die control is usually applied in a discrete manner over a series 
of cardiac cycles, this control may be. termed a control sequence. The modification m the 
^ heart's activity.may be applied gradually or, preferably, in accordance with a predetermined 

Q control sequence. 

y 25 In one aspect of the invention, target values are set for at least one of the measured 

a physiological variables and the pacemaker monitors these variables and the effea of the 

H control sequence applied by the pacemaker to determine a fixture control sequence. Once the 

discrepancy between the target value and the measiirtd ^alue is low enou^ the control 
sequence may be terminated. As can be iq)preciated, one advantage of a cardiac controller over 
30 a pacemaker is that it can control many aspect of the heart's activadon profile. As a result, the 
controller can determme a proper tradeofif between several different aspects of the activation 
profile of the heart, including, heart output, oxygenation of the cardiac muscle, contractile 
force ofthe heart and heartrate. 

Another aspect of the invention relates to modifying the relation between the 
35 contraction of the left ventricle and the contraction of the right ventricle. In a healthy heart, 
increased contractility of die left ventricle is followed by increased contractility of the right 
ventricle, as a result of the increased output ofthe left ventricle, which causes an increase in 
the preload ofthe right ventricle. Decreased left ventricular output reduces the right ventricular 
output in a similar manner. In some cases, such as puhnonaiy edema« it may be desirable to 
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modify the flow fixim one vartriclc without a corrEsponding chaagc in the flow from the other 
ventricle. This may be achieved by simultaneously controlling bofli ventricles, one control 
increasing the flow from one ventricle while the other conuol decreases the flow from the 
other vcmricle. This modification will usually be practiced for short periods of nmc only, since 
the vascular system is a closed system and, in ihc long run, the flow in the pulmonary system 
is the same as in the general system. In a preferred embodiment of the invention, diis 
Tn od if fc a t ion is practiced by controlling the heart for a few beats, every certain period of time. 

Another aspect of the present invention relates to performing a conq)lete suite of 
Acr^cs using a single device, A controller in accordance yritii a preferred embodiment of the 
invention inchdes several tiierspies wfaidi it can ^iy to the heart, including for example, 
increasing contractility, defibriUaciQn, fencing, heart rate control and padng. His controller 
senses (using physiological sensors) the state of the body and decides on an appropriate short- 
term tiicrapy, for exarrxple, defibrillation to overcome fibriUation, increasing Ae heart rate to 
increase the cardiac outflow or applying fences to r e s o fain a sudden arrhythmia. Additionally 
or alternatively, such a controller can change the ^yplied con trol sequence in response to long 
term tibusxd|ieutic goals. For example, if increasing contractility' is xzsed to increase the muscle 
mass in a portion of the heartr once a required muscle mass is reached, the control sequence 
may be stopped This is an example of a therapeutic treatment aflfe c t e d by the controller. In 
another example, a few weeks after die device is implanted and programmed to increase the 
caniiac output to a certain target variable, the target variable may be changed. Such a change 
may be mandatrd by an expected period of time over which the heait adapts to the controller. 
One such adaptation is tiiat the heart becomes suongcr and/or more efficicnL Another such 
ada|3tationmay be that die heart reduces its response to the control sequence, so thai a different 
control sequence may be required to achieve the same goals. In a p ref err ed embodiment of the 
inveution, the control sequence is vaned every (ntatTT period of time and/or when the r e s p on se 
of die heart to dte conli u l sequence is reduced below apredetecznined ieveL 

In an alternative embodixnent of die iuveuiion, ft cuuuul device includes a human 
op cr aU i i in ibc loop, at least during a first stage where the contzoUcr must *leam" the 
distinctive aspects of a particular hean/^adeoL At a later stage, the operator may monitor the 
therapeutic effect of die controller on a periodic basis and change the programming of the 
coiitn)Uer if the Qierapeutic effect is riot that which the operator desires. 

In an additional embodiment of die invention, the controller is not implanted in the 
body. Preferably, the control sequence is applied using one or more catheters which are 
inserted into the vascular system. Altcmatively, electrodes may be inscned directly throu^ 
the chest wall to the heart. 

In anodier preferred embodiment of die invcnriorL a controlling current (or electric 
field) is applied from electrodes citcraal to the body. One inherent problem in external 
controlling is that the controlling current will usually decnify a large portion of the heart. It 
therefore important to delay the applicadon of the current until the heart is refiractoty. One 
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method of achieving this objective is to sense the ECG -using external electrodes*. Preferably, 
an electrode anay is used so that a local activation time in predetennined portions of the heart 
may be determined. 

Another method of external controlling combines controlling with external pacing, 
therd}y simplifying the task of properly timing tiie controlling pulse relative to the pacing 
pulse. In a preferred embodiment of the invention, the delay between the pacing pulse and the 
controlling pulse is initially long and is reduced until an optimum delay is determined which 
gives a desired improvement in pumping and does not cause fibrillation. ^ 

Additionally or alternatively, the external pacemaker mcludes a defibrillator which 
applies a defibrillation pulse if the controlling pulse causes fibrillation. 

It should be a{q>reciated that pacemakers and controllers in accordance with various 
embodiments of the present invention share many common characteristics. It is anticipated that 
combining the fimctions of a controller and of a pacemaker in a single device wiU have many 
useful applications. However, several structural difTerences between pacemakers, defibrillators 
and controllers in accordance with many embodiments of the present invention are notable. 

One structural difference relates to the size and shape of the electrodes. Pacemakers 
usually use bipolar activation electrodes or unipolar electrodes where the pacemaker case is the 
other electrode. The design of the electrodes is optimized to enhance the contact between the 
electrodes and the heart at a small area, so that the power drain in the pacemaker will be as low 
as possible. In a defibrillator, there is in opposite consideration, namely, the need to apply a 
very large amount of power to large areas of the heart without causing damage to the heart. In 
preferred embodiment of the present invention, small cur re n t s are applied, however, it is 
desirable that the current will flow through large portions of the cardiac tissue, in a controlled 
maimer. 

Another stmctural difference relates to the power siq^ply. Pacemaker power supplies 
usuaUy need to deliver a short (2 msec), k>w power, pulse once a second. Defibrillators usually 
need to deliver a short (6^ msec), hi^ power, pulse or series of pulses at long intervals 
(days). Thus, pacemakers, usually drain the power firom a capacitor having a short delay and 
which is directly coimected to the battery, while defibrillators usually charge up both a first 
and a second capacitor so that they may deliver two sequential high-power pulses. A controller 
in accortiance with some embodiments of the present invention, is required to provide a long 
low power pulse once a second. Preferably, the pulse is longer than 20 msec, more preferably 
longer than 40 msec and still more preferably, longer than 70 msec. Such a pulse is preferably 
achieved using a slow-decay capacitor and/or draining the power directly from a battery, via an 
constant current, a constant voltage and/or a signal forming circuit Preferably, the electrodes 
used in a controller in accordance with the present invention slowly release a steroid, to reduce 
inflammation at the electrodes point of contact with the heart 

Another structural difference relates to the placement of the electrodes. In a pacemaker, 
a single electrode is placed in the apex of the heart (in some pacemakers, one electrode per 
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chamber, or sometiines, more than one). In a dcfibrillator^e electrodes are usually placed so 
that most of the heart (or the right atrium in AF defibrillators) is between the electrodes. In a 
controller according to some embodiments of the present invention, the electrodes are placed 
across a segment of heart tissue, whose control is desired. Regarding sensing, many 
pacemakers utilize sensing in one chamber lo.detamine a proper deUy before electrifying a 
second chamber. For example, in a heart whose AV node is ablated, the left ventricle is 
synchronized to the right atrium by a pacemaker which senses an activation ftom in the right 
atrium and then, after a suitable delay, paces the left ventricle. It is not, however, a usual 
practice to sense the activation front in a chamber and then pace the selfsame chamber after a 
delay. Even when such same chamber sensing and pacing is performed, the sensing and pacing 
arc performed m the right atrium and not the left ventricle. Further, sensing at the pacing 
electrode in order to determine a delay time for electrification of the electrode is a unique 
aspect of some aspects of the present invention, as is sensing midway between two pacii^ 
electrodes. Another unique aspect of some embodiments of die present invention is pacing in 
one chamber (the right atrium), sensing an effect of the pacing in anodier chamber (die left 
ventricle) and then pacing the other chamber (the left ventricle). The use of multiple pairs of 
electrodes disposed in an array is another unique aspect of certain embodiments of the present 
invention. 

Due to the wide range of possftle signal fiams for a controUer, a preferred controller is 
programmable, with the pulse fiann beixig externally downloadable fiom a programiner. 
Tclcmctiy systems for one- and two- directional communication between an impknted 
pacemaker and an external programmer are weU known in the art It shodd be noted, that 
various embodiments of the present invention can be practiced, albeit probably less efficiently, 
by downloading a pulse form in accordance with the present mvention to a programmable 
pacemaker. In a preferred embodiment of the invention, such a programmer uicludes software 
for analyzmg the performance and effect of the controUer. Since analysis of the performance of 
the pontroller may mclude information not provided by the controller, such as an ultrasound 
image or an external body ECG, such software may be nm fiom a separate caapma. 

It should be appreciated diat a controUer in accordance with the present invention is 
preferably personalized for particuhu" patient before implantation therein. Alternatively or 
additionally, the personaUzations may be performed by progr am ming Ae device after it is 
implanted. The heart of the patient is preferably mapped, as described above, in order to 
determine the preferred placement of the control electrodes and/or die sensing electrodes 
and/or in order to determine die proper timings. 

In one example, where die left ventricle is controlled, it is usefiil to determine die 
cariiest activated area in the left ventricle, for implantation of die sensing electrode. In anodier 
example, die heart is mapped to determine viable tissue portions which are suitable for 
implantation of electrodes (such tiiat current wiU flow between die two electrodes). In anoUier 
example, die activation profile of die heart is determined so tiiat it is possible to estimate 
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propagation times between various portions of the hcart,^and in paiticoilar, the pacing source 
(natural or artificial) and the controlling electrodes. In another example, the propagation of the 
activation fix^nt in the heart is determined so that the proper orientation of the electrodes with 
respect to the front may be achieved and/or to properly locate the sensing electrode(sO with 
5 respect to the controlling electrodes. It is also useful to detcnminc arrhythmias in the heart so 
as to plan anti-arrhythmic treatment in accordance with the present invention. 

In another example, the amount of increase in contractility is deteraiined by the amount 
of live tissue between the controlling electrodes. A viability map may be used to detemiine a 
segment of heart tissue having a desired mount of live tissue. 
10 The timing of the activation of cardiac muscle relative to the rest of the hean is an 

important factor in determining its contribution to the cardiac output. Thus, it is useful to 
detennine die relative activation time of the segment of the heart which is to be controlled, 
prior to nnplanting the electrodes. 

Fig. S shows an experimental setup designed and used to test some embodiments of the 
15 present invention. A papillary muscle 60, from a numimalian species (in the first set of 
experiment, a guinea pig), was connected between a support 62 and a pressure transducer 64 in 
Q a maimer such that isometric contraction could be achieved. Muscle 60 was stnnulated by a 

H of electrodes 66 which were coimected to a pulsed constant current sotm:e 70. A pulse 

,j generator 74 generated constant current pacing pubes for electrodes 66. A pair of electrodes 68 

GQ 20 were used to apply an electric field to muscle 60. A slave pulse generator 76, v^ch bases its 

j timing on pulse generator 74, electrified electrodes 68 via a pulsed constant current source 72. 

The force applied by the muscle was measured by transducer 64, amplified by an amplifier 78 
and drawn on a plotter 80. Pulse generator 74 selcctably generated short activation pulses 500, 
750, 1000 and 1500 msec (tl) apart for variable activation of muscle 60, i.e., 2, 1 J3, 1 and .66 
y 25 Hz. Pulse generator 76 generated a square wave pulse which started t2 seconds after the 

p activation pulse, was t3 seconds long and had a selected current (in mA) higher than zero (in 

amplitude). 

Fig. 6A-6C are graphs showing some results of the experiments. In general, the results 
shown are gr^hs of the force of the muscle contractions after muscle 60 reaches a steady state 
30 of pulsed contractions. Fig. 6A is a graph of the results under the folloMong conditions: 
tl (pacemaker pulse) - 750 msec; 
t2 (delay) = ISO msec; 
t3 (pulse duration) = 100 msec; and 
current = 10 mA. 

35 As can be seen, the force exerted by the muscle was increased by a factor of 2.5 when the 
controlling pulse (electrodes 68) was used as opposed to when electrodes 68 were not 
activated. 

Fig. 6B is a graph of the force of muscle contractions under the following conditions: 
tl= 1000 msec; 
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As can be seen, the amplitude of the contractions is extremely attenuated When the polarity of 
the controUing signal was inverted, after a few contractions, the contractions of muscle 60 



were almost completely attenuated. 

Fig. 6C is a graph of the force of muscle contractions under the foUowing conditions: 

tl= 1000 msec; 

t2=20mscc; 

t3- 300 msec; and 

current = 1 mA. 

In this case, the effects of increasing the contractile force of muscle 60 remained for about two 
minutes after the electrification of electrodes 68 was stopped. Thus, the contraction of muscle 
60 is dependent not only on the instantaneous stimulation and control but also on prior 
sdmtilation and controL 

Usfaig a similar experimental setup, additional experiments were performed, some on 
papillary muscles and some on cardiac septum muscles from the ventricles and airia walls. In 
these experiments, the test animal was usually a rabbit, however, in one case a rat was used- 
Most of these experim»ts used a DC constant cuntnt source which was in contact with the 
muscle, however, an electrical field scheme was also tested, and yielded similar results. In the 
electric field scheme, the electrodes were placed in a solution surrounding the muscle segment 
and were not in contact with the muscle segment The current used was 2-10 mA. In a few 
experiments, no increase in contractile force was indxiced, however, this may be the result of 
problems with the electrodes (interaction with ionic fluids) and/or the current source, 
especially since Ag-AgCl electrodes, which tend to polarize, were used in these experiments. 
In general, many cycles of increases in contractility and return to a base line were performed in 
each experiment. In addition, the increases in contractility were repeatable in subsequent 
experiments. These increases were obtained over a pacing range of 0.5-3 Hz. 

Figs. 7A*7C summarize the results obtamed in these finrther experiments. It should be 
^predated, that the time scales of the ^lied pulse are strongly associated with the pacing 
rate and with the animal species on which the experiment was performed. In these 
experiments, the pacing rate was usually about 1 Hz. Within the range of O.S-3 Hz the pulse 
form required for an increase in contraction force is not substantially afifected by the pacing 
rate. The intensities of the currents used in the experiments are affected by the electrode types 
used, and possibly by the animal species, so tbst if other electrode types are used, different 
current intensities may be required for the same effect. Ten experiments were perfomicd on a 
left papillary muscle, of which 8 showed an increase in contractility due to an applied non- 
excitatory current. Four experiments were performed on a right papillary muscle, of which 
three showed an increase in contractility. Two experiment were perfonncd on left ventricular 
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muscle. bWshowed an increase in contractility. On the average, an increase in con^tile 
force of -75% was obtained. The range of increases was between 43% and 228% dependin; 
on die exact oqjenmental configuraticn. 

Fig. 7A shows the effect of a delay in the onset of the applied current on die increase 
contractile force. A small delay does not substantiaUy affect the increase in contractile force 'h 
should be noted that as the delay increases in duration, the increase in contractility is reduced. 
It is theorized that such a pulse, appUed at any delay, affects the plateau and/or the refractory 
period. However, the increase m contractility is only possible for a window of time which is 
more limited than the entire activation cycle of a muscle fiber. 

Changing the polarity of the applied current sometimes affected the contractility 
Usually, a first polarity generated an greater increase in contractile force, while the other 
polarity generated a lower increase than the first polarity. In some experiments, reversing the 
polarity during an experiment decreased the contractile force, for a short while or for the 
entire duration of the pulse, to a level lower than without any applied current One possible 
eqjlanation is that papillary muscle has a preferred conduction direction (which may not be as 
pronounced in ventricular tissue). Another explanation is artifiu:ts relating to the ionization of 
the electrodes used in the e^eriments. 

Fig. 7B shows the effect of pulse duration on the increase in contractile force of a 
papillary muscle. A very short pulse, on the order of 1 msec, does not substantially affect the 
contractile force. In a pulse between about 1 msec and 20 msec die contractility increases with 
the duration. In a pulse of over 20 msec, the increase m contractile force as a fimction of pulse 
duration is reduced; and in a pulse with over about 100 msec duration there is no apparent 
fiirther increase in the contractile force of an isolated papilary muscle. 

Rg. 7C shows the effect of the cunent intensity on the increase in contractile force. It 
should be noted that above about 8 mA the contractile force actuaUy decreases below the 
baseline condition (where no cunent was jq>pUcd). It may be that this effect is related to the 
above described theory of intra-cclhilar caldum stores, and that too much calcium in the 
cardiac muscle eeU reduces the availability of these stores, and therefore, the ceU's 
contractility. 

In addition to the above summarized results, several experimental results deserve 
special notice. 

In one experiment, shown in Fig. 8A. a segment of a right atrium from a rabbit was 
allowed to set its own. intrinsic, pace (-2-3 Hz). A non-excitatory current which was a 
constant current of 2 mA was driven through the tissue, constantfy. as shown. As a result, the 
self pacing rate of the segment increased, as did the contractility (after a first, short, reduction 
in force). 

In a second, multi-step experiment, a right rabbit papOIary muscle was paced at 1.5 
Hz. The applied current was constant at between 2 and 4 mA (depending on the experimental 
step), in a pulse 70 msec long and no delay after the pacemaker pulse. The contractihty 
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on the duration ofthe muscle twitch was Observed w.noenect 
Fig. 8B is a series of graphs which shows an increase in contractility in sever.1 
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Two more experiments, not included in the above discussion, were nerW^ 
^iUa^m^e. ^ these experiments, a trianguW shaped pr:v:n 
msec and a peak of 5 mA. was appKed with no delay after a standard padng pulse72 rl^^ 
msec). mcrcase in cotmactility ofthe muscle was -1700%. ftom 10 mg t^ 178 m^^ 
duration ofthe contraction increased fiom 220 msec to 260 msec. *'»«8.TT»e 

^«»;>»«^«ries of experiments., whole living heart was removed from a 
Kg m weight) and controUed using methods as described hereinabove. Tl,e apparatus for 
kc^g ^e heart alive was an Isolated Heart, size 5. type 833. manufacmred by Hugo Sachs 
^el^ Gruenstn^se 1. 0-79232. Mard^Hugstctten. Germany. In these experiml. only 
the left ventncle .s fimctional. lie Puhnonary vems are comiected to a s^ly hose, in whii 
supply hose there is a warm (-37 -Q isotonic. pH b^ced and oxygenated sohttio. IHe 
pumped by the heart into the aort. n.e heart itself is suppUed with oxygen from 
Ac aor^ toough the coronary arteries. TTie coronary veins empty into the right ventricle, 
fiom >^ch the solution drips out The solution which drips out (coronary blood flow) can be 
measured by collecting it in a measuring cup. Both the preload and the afterload of the 
vascular system can be simulated and preset to any desirable value. In addition, the afterload 
and preload can be measured using this apparatus. 

•me heart was comrected to an ECG monitor, a pacemaker and a programmable pulse 
^wator. The electrodes for appUed the field typically had an area of between 2 and 3 cm2 
The left v^cular pressure (LVP) was measured using a pressure probe inserted into the 
ventncle. TTie flow through the aorta was measured using an electn^magnetic flowmeter 
Va^ous parameters, such as pH. pOj. pCOj and temperature may be measured by attaching 
additional measm^nent devices. All the measurement devices may be comiected to a 
compmer which coUects, and preferably analyzes the results. 

A most notable experimental result was an increase in flow from the heart as a result of 
c^tncal control. Another notable result was an increase in afterioad as a result ofthe control 
sun another notable result was an mcrease in the developed left ventricular pressure in the 
heart, when electrical control was applied. 

A smmnary of 26 experimems using an isolated heart is as follows, in 20 experiments 
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an increase in cardiac output was observed, while in six^periments, no increase in cardiac 
output was observed. Possible reasons for the failure to increase cardiac output include 
biological damage to the heart while it was being extracted ftom the animal. In some cases' 
this damage is clear fiom the reduced cardiac output in one isolated heart as compared to a 
second, otherwise similar, rabbit heart Other reasons include, incoirect placement of 
electrodes (over the right ventricle instead of over the left ventricle), encrustation of the 
electrodes with proteins and technical problems with the equipment which dehvers the 
controlling electric field. In U experiments where the left ventricle was paced, the average 
increase in cardiac output was 17% with a standani deviation of In eight experiments 
where the right atrium was paced, the average increase was 9±4%. In nine experiments where 
the heart was not paced and a controlling field was applied based on a sensing of local 
activation times, the increase was 7±2%. It should be noted that the number of experiments is 
over 26, since in some experiments two diflfercnt pacing paradigms were tried. 

Fig. 9 is a series of graphs showing the results of an experiment in wUch a 10 mA 
constant cuncnt pulse, having a duration of 20 msec and delayed 5 msec after the pacing of the 
heart, was appficd. Two wire electrodes were used to ^ly this pulse, one electrode was 
placed at the apex of the heart overiaying the left ventticle and one electrode was placed at the 
base of the left ventricle. The pacing was petfonned using a bipolar electrode, also placed near 
the 9peK of the heart on the left ventricle. The pacing rate was approximately 10% higher than 

20 the nomiai pace. The pacing pulse was 2 msec teng. 2 mA in amplitude and was appUed at a 
frequency of -3.5 Hz; The application of the constant current pulse is indicated in the Figure 
(and in the following ones) by a bar (filled or unfilled). 

In this experiment, an increase in the afterload (the actual pressure developing in the 
Aorta) of about 5% and an increase in LVP (Left ventricle pressure) of about 3% were 

IS observed. The increase in LVP was only in the end systole pressure, not in the end diastole 
pressure. An increase in flow of about 1 1 % is clearly shown in Fig. 9. The increase in flow is 
very important since one of the main problems with patients with congestive heart fidlure is a 
low cardiac flow. 

Fig. 10 is a series of graphs showing the results of an experiment in which a 5 mA 
constant cuircnt pulse, having a duration of 80 msec and delayed 2 msec after the pacing of the 
heart was appUed. The wiring and pacing m this experiment were sunilar to the experiment 
described with reference to Fig. 9, except that carbon electrodes were used for applying the 
constant current pulse. 

In this experiment, a noticeable increase in afterload can be detennined fiom the graph. 
An increase m LVP (Left ventricle pressure) of about 6% can also be observed. It should be- 
noted that the increase in afterload is obsoved for both the diastoUc pressure and the systolic 
pressure, while inside the left ventricle, the pressure increase is mainly in the systole. In feet, 
there is a slight reduction in diastoUc pressure, which may indicate an increase in contractilit)! 
and/or an unprovcment in diastolic wall motion. An mcrease in flow of several hundred 
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percent is clearly shovm in Fig. 10. It should be noted that-a healthy heart may be rxpected ,o 
have a flow of about 100 ml/min. The low initial flow (12 ml/min.) is probably a result of 
damage to the heart, such as ischemia. 

Fig. 11 is a series of graphs showing the results of an experiment in which a 5 mA 
constant cuntnt pulse, having a duration of.20 msec and delayed 2 msec after the local 
activation time at the ventricle was used. The pacing and wiring in this experiment were 
similar to the experiment described with reference to Fig. 9. A sensing electrode was placed on 
the left ventricle halfway betweto the two controlling dectrodes and the deUy was measured 
relative to the local activation time at the sensing electrode. The sensmg electrode comprised 
two side by side "J" shaped iridium-platinum electrodes. A pacing pulse was applied using an 
additional Ag-AgCI electrode at the zpcx of the heart In this experiment, the sensing electrode 
is shut off for 200 msec after the local activation is sensed, so that the controlling pulse is not 
erroneously detected by the sensing electrode as a local activation. 

In diis experiment, an mcrease in the afterload and an mcrease in LVP were obscived. 
The increase LVP was only evident in the end systole pressure, not in the end diastole 
pressure. An increase in flow of about 23% is clearly shown in Fig. 11. 

Fig. 12 is a series of graphs showing experimental results from another experiment, 
showing an significant increase in aortic flow and m aortic pressure. The pulse parameters 

were 5 mA, 70 msec duration and a 5 msec delay. Pacing and wiring are as in the experiment 
of Fig. 9. 

Fig. 13 is a series of graphs showing experimental resuhs from repeating the 
experiment of Fig. 12, showing that the hnease in aortic flow is controUed by the 
electrification of the electrodes. Thus, when the electrification is stopped, the flow returns to a 
baseline value; when the electrification is restarted the flow mcreases again and when the 
electrification is stopped again, the flow renmis to the baseline value. 

Fig. 14 is a series of graphs showing experimental results from another experiment, in 

which the right atrium was paced at 3 Hz. rather than the left ventricle bemg paced at 3 J Hz, 
as in previously described experiments. Pacing and wiring are similar to those in the 
experiment of Fig. 1 1, except that the pacing electrodes are in the ri^ atrium and the action 
potential is conducted from the right atrium to the left ventricle using the conduction pathways 
of the heart The pulse parameters arc 5 mA for 20 msec, with no delay after sensing a local 
action potential. The sensing electrode is shut off for 100 msec after it senses the local action 
potential, to reduce the possibiUty of identifying the controlling pulse as a local aaivation 
potential. In this experiment an increase in flow of 9% was observed. 

Fig. 15 is a series of graphs showing experimental results from another experiment, 
snnilar to the experiment of Fig. 14, except that instead of using two controlling electrodes, 
four controlling electrodes were used. The controlUng electrodes were arranged in a square, 
with the sensing electrode at the center of die square. One pair of controUing electrodes 
comprised an electrode at the apex of the left ventricle and an electrode at the base. The other 
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two electrodes were located in the halfway between the base and the apex of the left ventricle 
and near the right ventricle (at either side of the left ventricle). The applied pulse was 10 mA 
for 20 msec at a delay of 2 msec. Both pairs of electrodes are electrified simultaneously. 

In this experiment, an increase in the afterload and an increase in end«systolic LVP 

5 were observed In addition, a decrease in cnd-diastolic LVP was observed. An mcreasc m flow 
of about 7% is also shown in Fig. IS. 

Fig. 16 is a series of graphs showing experimental results torn another experiment, 
similar to the experiment of Fig. 14, cxcqjt that no sensing electrode is used Rather, an 
activation signal propagation time is estimated for calculation of the desured delay between 

10 pacing the right atrium and controlling the left atrium. The activation propagation time is 
estimated by measuring the time between the pacing signal and the contraction of the left 
ventricle. The delay time is S msec more than the calculated average propagation time and was 
about 140 msec. In this experiment, an increase in the afterload and an increase in LVP were 
observed. An increase in flow of about 14% is also shown in Fig. 16. 

15 Fig. 17 is a series of graphs showing experimental results fix»m another experiment, 

similar to die experiment of Fig. 14, excq}t that no pacing electrodes are used. Rather, the 

0 isolated heart is allowed to pace at its own rhythm* The pulse parameters are a 20 msec long 
ffi pulse of 10 mA applied to both pairs of electrodes simultaneously, at a dchy of 2 msec after 
,j the sensing electzx>de senses a local activation potential. 

^ 20 In this experiment, an inoease in the afterload and an increase in LVP were observed 

1 >j An increase in flow of about 7% is also shown in Fig« 17. It should be noted that the baseline 
» output of the heart was about 110 ml/min,, which mdicates an output of a healthy heart 

^: Fig. 1 8 A is a series of graphs showing experimental results fiom another experiment in 

^ which the heart was made ischemic. The wiring is similar to that of Fig. 17, except that only 

y 25 one pair of controlling electrodes was used one at the apex and one at the base of the left 

^ vennicle. The ischemia was designed to simulate a heart attack by stopping the flow of 

oxygenated solution to the coronary arteries for about ten minutes. After the flow of 
oxygenated solution was restarted a reduction in the cardiac ou^ut fix>m 100 ml/min. to 38 
ml/min. was observed. In addition, various arrhythmias in the activation of the heart were 
30 observed as a result of the isdiemic incident Controlling die heart, using a 20 msec pulse of 5 
mA delayed 2 msec after the pacing, increased the flow by 16%. The sensing was blocked for 
between 100 and 200 msec after the sensing of a local activation. It should be noted that the 
controlling sequence worked even though the heart was arrhythmic. 

One interesting restilt of the isolated heart experiments relates to pulse forms which do 
35 not induce fibrillation in the heart It was detennined that the pulse ^ould not extend more 
than about half the duration of the left ventricle pressure wave (in this experimental senxp, the 
pressure wave is measured, not electrical activity). In addition, a small delay (-^-S msec) 
between the pacing and the pulse also appears to protect against fibrillation when the left 
ventricle is paced. 
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Fig. I8B is a series of graphs showing experimental results from another experiment in 
which the output of the heart was reduced. The heart was paced at the right atrium, using a 
pacing scheme similar to that of the experiment of Fig. 14. A controUing current wai applied 
to the left ventricle using carbon electrodes. The controlling current was a 20 msec pulse of 5 
mA amplitude applied at a delay of 30 msec after the pacing at the right aTriiim Flow, LVP 
and Aortic pressure were all noticeably reduced as a result of this pulse. 

Reducing the cardiac output is desirable in several circumstances, one of which is the 
disease "Hypcrthropic Cardiomyopathy (HOCM)." This controlling scheme reduces the ou^ut 
of the left ventricle and the resistance against which the left ventricle is woridng. both of 
which are desirable for the above disease. It is hypothesized that the early controlling pulse (it 
is ^Ued before the activation front from the right atrium reaches the left ventricle) worics by 
extending the refractory periods of some of the cells in the left vemricle, thereby reducing the 
number of cells which take part in the systole and reducing the cardiac output Presumably, 
different cells are affected each cardiac cycle. Alternatively, it may be that the precise delay 
dctcmiincs which cells are affected. It is known to shorten the AV interval in order to improve 
the conditions of patients with HOCM. However, in the art, the entire ventricle is paced, albeit 
earlier. In the embodiment of the invention just described, the early applied electric filed does 
not cause, an eariy contraction of the ventricle, and does not effectively shorten the AV 
interval, as done in the art 

Figs. 19 and 20 show the results of eq)crimcnts perfonned on live annnals on an in- 
vivo heart In the experiment whose results are shown in Fig. 19, a live 2.5 Kg rabbit was 
anesthetized usmg a venous access in its pdvic region with its chest opened to expose die 
heart The pericardium of the heart was removed to provide direct contact between the heart 
and electrodes. The heart was paced via the left ventricle using a pair of titanium electrodes 
and the controlling current was i^lied using a pair of carbon electrodes. As in previous 
experiments, the pacing was applied at the apex of the left ventricle and the controUmg 
electrodes were applied one at the base and one at the apex of the left ventricle. The rabbit was 
artificially respirated and liquids were supplied tfirougli itbc venous access. A blood-pressure 
catheter was inserted into tiie left femoral artery to measure the arterial blood pressure. The 
right carotid artery was exposed>and a magnetic flowmeter was placed thereon to measure ttie 
flow in the carotid artery. The flow in a carotid artery was measured rather than the flow in the 
aorta for reasons of convenience. However, it should be noted that the carotid arteries have a 
feedback mechanism by which they attempt to maintain a constant blood supply to the brain 
by cono^acting the artery if the flow is too high. 

The controlling signal was a 40 msec pulse having a amplimde of 4 mA and applied 5 
msec after the pacing signal. The pacing signal was a 2 msec, 2 mA pulse at 5 Hz. An increase 
in flow in the right carotid artery of between 54 and 72% was observed during the application 
of the controlling signal. 

The experiment whose results are shown in Fig. 20 had a similar design to the 

54 



s 



wo 97/29098 ^ PCTAL97/00012 

experiment of Fig. 19, except that the flow was measured using an ultrasonic flowmeter. The 
controlling current was a 20 msec pulse having an amplitude of 2 mA and delayed S msec 
from the pacing signal (which was the same as in the experiment of Fig. 19). Both an increase 
in flow and in blood pressure were observed in this experiment 
5 Fig. 21 shows the results of an experiment in an in* vivo heart in which the heart was 

not paced. It is similar to the experiments of Figs. 19 and 20, in that blood pressure was 
measured in the right femoral artery and flow was measured, using an ultrasonic flowmeter, 
ttirough the right carotid artery. The controlling pulse was applied using titamum*nitride 
electrodes, at the apex and at the base of the left ventricle. An iridium-platinum bi-polar 
10 electrode was placed at the apex of the left ventricle to sense the arrival of an activation fiont 
from the SA node of the heart The controlling current was a 20 msec pulse, having an 
amplitude of 2 mA and applied 30 msec after the activation front was sensed. Increases in both 
the blood flow and the blood pr^sure were observed in this experiment 

Figs 22 and 23 show the results of two experiments, similar to the experiment of Fig. 
15 21, in which the flow parameter was measured on the ascending aorta. The heart of a l.l Kg 
M: rabbit was exposed and a sensing electrode (bipolar) was inserted, using a needle, into the apex 

of the heart. Two caibon electrodes were used to apply a controlling pulse to the heart, at the 
^>ex and the base of the left ventricle. The heart was not paced, it intrinsic pace was about 5 
€1 Hz. The control pulse was a 5 mA in amplitude and had a duration of 40 msec. There was no 

^! 20 delay be^veen the sensing of an activation fioiit at the sensing electrodes and application of the 

if! puke. 

^ Fig. 22 shows an increase of about 11% in the aortic flow. Fig. 23, which shows the 

^. results of a repetition of the same experiment on the same animal at a later time, shows an 

r|j increase of about 8%. 

W 25 Although the present invention has been described niainly with refiae^ 

should be appreciated that preferred embodiments of the present invention may be ^lied to 
other types of excitable tissue. In one example, skeletal muscle and smooth muscle can be 
controlled as described hereinabove. It should however be appreciated, that most muscles have 
different ion channels and different resting potentials than cardiac muscle, so that the general 
30 principles must be adapted to the individual physiology. In addition, the effects m a skeleton 
muscle may be due to recruitment of muscle fibers. Further, the present invention may be 
applied to neural tissue. For example, epileptic fits and tetanization may be controlled by 
damping the excitability of neural tissue, as described above. Alternatively, electrical control 
may be used in conjunction with electrical stimulation of dcncrvatcd or atrophied muscles to 
35 increase the precision of stimulation. Additionally or alternatively, electrical control may be 
used to block or enhance conduction of stimuli along nervous pathways, for example, to 
control pain. 

In a preferred embodiment of the invention, epileptic fits are controlled by suppressing 
Golgi cells, thus, reducing the excitability of associated neural tissues by reducing the amount 
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of available calcium. 

The above description of the present invention focuses on electrical control of cardiac 
tissue. However, since some aspect of the control may be related to calcium ion transport in 
the cardiac tissue, non-electrical control is also possible. One major advantage of non- 
electrical control is that even though incorrect synchronization of the control to the cardiac 
cycle may reduce the cardiac output, there is little or no danger of fibrillation. In one prefexxed 
embodiment of the present invention li^t is used to control calcium transport m portions of 
the heart Laser light may be used to affect the calcium transport directiy. Alternatively, a light 
activated chelator, which is introduced into at least some of the cells in a heart, may be 
activated by regular light to change the availability (increasing or reducing) of calcium in the 
illuminated cells. A controller in accordance with this embodiment of the invention, will 
mclude at least a light source and a light guide, preferably an optical fiber, which will convey 
the light to desired portions of the heart Preferably, the optical fiber is a silicon-rubber optical 
fiber which is resistant to breakage. Alternatively, the controller comprises a plurality of light 
emitting elements, such as laser diodes, placed directly on the controlled tissue. Further 
alternatively, the light is provided by a catheter inserted into the heart and cither floating in the 
heart or fixed to the heart wall. The controller preferably includes an ECG sensor for sensing 
local and/or global activation times, as described above. 

One limitation of light over electrical current is that unless ttie body tissues are 
transparent to tfie particular wavelength used, light can only have a very localized effect, a 
global effect requires many light sources, which is invasive. One type of less invasive light 
source which may be useful is an optical fiber having a partially exposed sheath. Light will 
leak out of the fiber at the exposed portions, so a single fiber can illuminate a plurality of 
localities. 

In an alternative embodiment of the invention, electromagnetic radiation at low and/or 
radio frequencies is used to affect calcium transport in the cardiac tissue. Several methods 
may be used to provide electromagnetic radiation. In one method, the entire heart is izradiated, 
preferably in synchrony with a sensed ECG of the heart In another method, a phased array is 
used to aim the radiation at die heart As noted above, the non-anfaytiunic heart substantially 
repeats its position each cycle, so tiiere is no problem of registration between an external 
source and a portion of the heart In yet another method, an implanted device includes a 
plurality of antennas, each disposed adjacent to a portion of tissue to be controlled. The 
antennas may be powered by a central source. Alternatively, the antenna arc concenorate 
externally applied radiation. Further alternatively, the antennas are coils which generate 
localized AC magnetic fields. It should be noted that electromagnetic radiation appears to be 
suitable for reducing calcium availability, which makes it suitable for reducing the oxygen 
demands of an infarctcd tissue after a heart attack. In embodiments using electromagnenc- 
radiation as in light and electric current, there may be a long term reduction in the 
effectiveness of the controller due to adaptation mechanisms of the heart. Thus, in a preferred 
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embodiment of the invention, the controller is not tisei continuously, with praferred rest 
periods between uses, being minutes, hours, days or weeks depending on the adaptation of the 
heart. 

In a preferred embodhn^nit of the invention, two or more control modalities are applied 
simultaneously, for example, applying both light radiation and electric fields. Alternatively, 
these modalities may be applied alternately, so as to cope with adaptation mechanisms. 
Preferably, each modaUty is applied until adaptation sets in, at which point the modality is 
switched. 

Althou^ the present invention has been described using a limited number of preferred 
embodiments, it should be appreciated that it is within the scope of the invention to combine 
various embodiments, for example, increasing the contractility of the left ventricle, while 
controlling the heart rate m the right atrium. It is also in the scope of the present invention to 
combine limitations from various embodiments, for example, limitations of pulse duration and 
pulse delay relative to an activation or limitations on electrode type and electrode size. 
Further, although not all the methods described herein are to be construed as being performed 
using dedicated or programmed controllers, the scope of the invention includes controllers 
which perform these methods. In some cases, limitations of preferred embodiments have been 
described using structural or functional language for clarity, however, the scope of the 
invention includes applying these limitations to both apparatus and methods. 

It will be appreciated by a person skilled in the art that the present invention is not 
limited by what has thus fer been particularly described Rather, the present invention is 
limited only by the claims which follow. 
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